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ABSTRACT 
In summer of 2012, dust and processed ore were collected from ~54 villages by U.S. 
CDC and Nigerian colleagues after the discovery of widespread lead poisoning in northwest 
Nigeria, and provided to the Environmental Research Laboratory at GSU. Various geochemical 
analyses were conducted to assess the magnitude of Pb exposure. ICP-AES determined Pb 
concentrations as high as 61,000 ppm. SEM-EDS and XRD analyses of high concentration 
samples (>400 ppm) revealed the presence of gold, galena, and cerussite. XRD Cluster Analysis 
revealed one outlier and 3 clusters. Samples with Pb>400ppm Pb had a strong correlation 
between Pb and S. GIS Kriging maps illustrate geochemical spatial distribution. Carbonate 
combustion analysis found TIC has a negative correlation to Pb. Approximately 3% of samples 
contained >400ppm of Pb (U.S. EPA RSSL). Discovery of galena (PbS) and it’s secondary 
weathering product cerussite (PbCO3), a highly bioavailable Pb-bearing phase, were discovered 
in these high Pb samples, indicating a continuing threat to human health. 
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1 INTRODUCTION  
1.1 Background 
In early 2010, Nigerian health officials discovered there was an increase in illness and 
death rates amongst children in the remote villages of Zamfara State, northwestern Nigeria 
(Abdussalam, 2013; Plumlee, 2013; CDC, 2013; Dooyema, 2012; MSF, 2012). Many children 
exhibited symptoms of vomiting, abdominal pain, headache, and convulsions indicating a lead 
(Pb) poisoning outbreak (Dooyema, 2012; MSF, 2012). This Pb poisoning epidemic was 
stumbled upon during routine visits for meningitis treatment in Zamfara State and was believed 
to be caused by artisanal gold mining processes performed in the villages. State, federal, and 
international investigations were initiated by the Nigerian Federal Ministry of Health calling in 
teams from the U.S. Centers for Disease Control and Prevention (CDC), the Nigerian Field 
Epidemiology and Laboratory Training Program, World Health Organization (WHO), and 
Medecins Sans Frontieres (MSF) (Biya, O., et al, 2010). Investigations of six initial villages 
reported approximately two thirds of families were processing ore with Pb concentrations in dust 
sweeps ranging from 45 parts per million (ppm) to greater than 100,000 ppm (Biya, O., et al, 
2010). The U.S. Environmental Protection Agency Residential Soil Screening Level is 400 ppm 
Pb (EPA, 2011). Investigations continued through 2012, registering thousands of affected and an 
estimate of over 400 children killed from Pb exposure (MSF, 2012, Plumlee, 2013, CDC, 2013). 
Although mining was not a newly developed industry in this region, it has become more 
prevalent due to the increase in gold prices in recent years. The U.S. Geological Survey’s 
Minerals Yearbook Advance Release for Nigeria in 2012 indicates that reported Nigerian gold 
mining production increased from approx. 1.3 metric tons/yr to 4.0 tons/yr in 2011 and 2012 
2 
(USGS, 2014). According to goldprice.org, the price of gold increased exponentially after 2003 
especially in mid-2011 reaching ~1900 USD/oz. (shown in Fig. 1.1).  
 
           Figure 1.1: Prices of Gold from 1973 to 2015 
 
Likewise, a report from the Bureau of Labor Statistics revealed a dramatic increase of 
gold prices in 2008, peaking in August of 2011, and decreasing in 2012 due to monetary easing 
by the Federal Reserve in order to decrease the value of the dollar leading to many investing in 
gold (Bureau of Labor Statistics, 2013). 
 
Figure 1.2: Producer Price Index for gold ore from 2008-2012* 
                                                 
 http://goldprice.org/gold-price-history.html 
*  http://www.bls.gov/opub/ted/2013/ted_20130305.htm 
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The increase of gold prices provided many poverty stricken people an opportunity to 
make money and feed their families, however, the real cost of the mining meant the loss of many 
due to their unsafe and primitive techniques used to process the ore in NW Nigeria. A study 
conducted in Kawaye, a village in Zamfara State, reported that approximately 30% of parents 
were below the poverty line as well as a significant linear regression associated to the economic 
and educational status of the parents with childhood Pb poisoning (Getso et al., 2014).   
 Mining Practices in Northwest Nigerian Villages    
The hazardous mining activities in Northwest Nigeria entails villagers traveling to open 
mining pits dispersed across the region where metasediments containing cross cutting quartz 
veins contain gold ore (Odumo, et al., 2010). The ore is then excavated using hammers and 
shovels, transported from the mining site in flourmill bags to a central location, purchased by 
individuals or families, and brought back to villages in the area for processing (MSF, 2012). 
With limited access to proper tools and improper education in regards to appropriate personal 
protection, the exposure to heavy metals increases. The ore processing techniques involve: i.) 
mortar and pestle or gas powered mills to grind the ores thus generating dust, ii.) washing the ore 
with their local drinking water source, iii.) amalgamating the ore with mercury using home 
cooking pots, and iv.) bare handedly extracting the gold content from within the ore rock as 
shown in the figures below (CDC, 2013).
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Figure 1.3: Breaking ore* 
 
Figure 1.4: Grinding ore -gas powered flour mill* 
 
Figure 1.5: Washing ore* 
 
Figure 1.6: Amalgamation process 
                                                 
 Courtesy of CDC team 
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The grinding areas in the villages were reported to have high Pb bioaccessibility levels 
due to the increased specific surface area of the finer particles consequently increasing the 
dissolution of Pb into the body by hand to mouth transmission (Plumlee, et al., 2013). However, 
even though mercury, Hg, is used during ore processing dust does not reveal high concentration 
levels and is not transported through the environment such that Pb is. Other high exposure 
environments of concern were the newly built infrastructure within the NW Nigerian villages. 
Much of the infrastructure in these villages is comprised of straw roofed, mud brick buildings 
which lack any glass pane windows or doors. Therefore, the potential accumulation of suspended 
ore dust from grinding or ore dust from clothing pose a great risk upon entry of the homes. 
 
Figure 1.7: Air-born dust from grinding ore 
 
 The CDC team also encountered production of mud bricks made from the mining waste 
(shown in Fig. 1.5) containing lead exceeding approximately two hundred times the U.S. EPA’s 
allowable limit for Pb in soil (CDC, 2013). The mud brick buildings are usually separated by low 
mud brick walls (Grossman, et al., 2012) which can potentially entrap the ground ore dust within 
                                                 
 Courtesy of CDC team 
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children’s play areas. Taking into account the multipurpose grinders, cooking pots, and no 
personal safety protocol to protect the people from ore dust, these villages have been subjected to 
the largest epidemic of Pb poisoning in modern times (Grossman, et al., 2012).  
 
Figure 1.8: Mud bricks made from mining waste 
 
Furthermore, many of the children play in the mine tailings and ore waste dumping sites 
as well as may participate in mining practices themselves (Lar, et al., 2013). These artisanal 
mining practices have been a way of providing better lives and higher quality homes for their 
families, but families are being affected negatively by losing the lives and health of their children 
to Pb poisoning.  
 Pb Poisoning Epidemic Treatment & Educational Efforts in NW Nigeria 
Treatment, educational, and remediation efforts of a humanitarian organization called 
Doctors without Borders/ Médecins Sans Frontières (MSF) proved to be promising. MSF 
reported that the morality rates decreased from approximately forty-three percent to two percent 
                                                 
 Courtesy of CDC team 
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after 2011, however, some families and villages continued to process gold ore within village 
compounds exposing the most vulnerable (pregnant women and young children) to Pb. In 
addition, many MSF clinics offering chelation therapy were established in the region, but only in 
locations that had undergone remediation and had ceased mining activities (MSF, 2012). After 
the immediate Pb poisoning investigations and treatment were conducted, the CDC led 
geochemical and bioavailability investigations assisted by the U.S. Geological Survey in Denver, 
CO, TerraGraphics Environmental Engineering in Moscow, ID, and the Environmental Science 
Program from University of Idaho, Moscow, ID in October-November 2010 from 74 villages 
(Plumlee, 2013). After the CDC geochemical and bioavailable investigations were conducted, 
CDC’s Global Disease Detection Program sent another team of investigators to Zamfara State, 
northwestern Nigeria in summer of 2012. There the team collected ~740 samples of processed 
ore and dust sweeps from children’s sleeping areas and play areas from 54 villages. The samples 
were shared with the Environmental Research Laboratory (ERL) at Georgia State University 
(GSU) for processing and geochemical analysis. Additionally, the CDC granted the ERL 
permission to conduct further investigations leading to this geochemical evaluation.  
 Lithology, Climate, and Dominant Industries in NW Nigeria 
Before addressing the geochemical analysis conducted for this study, it is important to 
understand the lithology and climate as well as the dominant industries of northwestern Nigeria 
to fully comprehend the effects of the geochemical constituents in the region. Nigeria is located 
in western Africa north of the equator in the Gulf of Guinea and is one of the world’s most 
populated countries, with many diverse environments. In particular, the population density of 
Zamfara in 2011 was 96.8 inh./km2 (Brinkhoff, 2015) with a population of approx. 3.2 million 
from a 2006 census (National Population Commission of Nigeria, 2006). The diverse 
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environments consist of a wide range of geological settings and climates, as well as diversity in 
agriculture, language, and religion. For instance, Zamfara is populated by predominately Hausa 
and Fulani people along with 11 other ethnic communities (National Bureau of Statistics, 2014). 
This diversity makes it difficult to communicate and educate the locals on the impacts of certain 
anthropogenic practices such as mining. The specific area of study is Zamfara State, 
northwestern Nigeria highlighted by the circle in the physical map of Nigeria above (Fig. 1.8). 
 
Figure 1.9: Physical map of Nigeria with States 
Northwest Nigeria is comprised of the Benin-Nigeria Formation containing three major 
tectonic schist belts and many small belts throughout the region (Petters, 1991). The overall 
lithology of northwest Nigeria consists of a geological basement complex that is underlain by 
belts of roughly north-south trending, slightly metamorphosed ancient Pre-Cambrian 
sedimentary and volcanic rocks called younger metasediments, which are known to contain gold 
                                                 
 http://www.total-facts-about-nigeria.com/physical-map-of-nigeria.html 
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deposits (Petters, 1991; Online Nigeria, 2013, blog 501). The younger granites or metasediments 
are most likely “attributed to their probable location along a deep-seated shear zone believed to 
have generated frictional heating” possibly initiating thermal activity leading to contact melting 
up fractures (Petters, 1991). Furthermore, the lithological features in the Maru schist belt reveal 
quiet water sedimentation with presence of pyrite in some pelites indicating deposition in anoxic 
conditions (Petters, 1991). Nonetheless, hydrothermal activity has been discovered to produce 
sulfide minerals and other polymetallic formations in the schist belts of NW Nigeria (Amuda, et 
al, 2013). Within these formations are cross cutting quartz veins containing the sought after gold 
ore (Odumo, et al., 2010) where studies have been shown that Cu and Pb are indicator elements 
for gold in the area (Amuda et al, 2013). The overlying top soils range from Alfisols to 
Inceptisols to Ultisols (USDA, 2005). 
 
Figure 1.10: Geological Map of NW Nigeria 
                                                 
 Obaje, N. (2009). Geology and mineral resources of Nigeria (p.78). Berlin: Springer 
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The southern extent of northwestern Nigeria is considered a tropical savanna; however, 
the northern extent is considered part of the African-Sahel. The African-Sahel expands across the 
central span of Africa where the climate is arid, with ongoing desertification (Raji et al., 2004; 
Kabara, 2013; Abdussalam, 2011). The particular region of interest in this study is Zamfara State 
located in northwestern Nigeria where the overall semi- arid climate has two seasons: a short wet 
season (June-September) and a long dry season (October to mid-May). These two extreme 
seasons have a major effect on the weathering and erosion of the lithology in the area. During the 
brief wet season, short bursts of heavy rainfall occurs causing flash flooding events and major 
effects on erosion heightening weathering processes. On the other hand, the long dry season, 
especially in recent years of drought, is a major concern when anthropogenic practices of mining 
and agriculture come into play where the underlain metasediments that may contain Pb-bearing 
minerals are exposed. This is concern because the dry climate allows heavy winds to easily 
transport the Pb dust spreading contamination. 
Furthermore, the low rainfall and coarse soils can only sustain the dominant crop 
industries in the region which include millet, groundnut, and sugarcane (Nigeria Online Blog, 
2003). Because millet, groundnut, and sugarcane crops are essentially the only viable crops in 
this area, drought has caused living hardship leading people to pursue other endeavors for money 
and food. In these recent years, existing artisan gold mining has become more rampant amongst 
poverty stricken villages in northwestern Nigeria due to the increase of gold prices (MSF, 2012). 
As stated above this income makes a significant difference in the livelihood of these villages 
inhabitants, enabling them to not only feed their families but also replace their straw roof mud 
brick homes with metal roofing, although at a high risk and price for their families and neighbors 
alike. There is a tremendously menacing backlash of consequences due to these hazardous 
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mining practices resulting in high rates of exposure to different phases of Pb constituents. The 
overall consensus can conclude that the Pb-bearing lithology, semi-arid to arid climate, and the 
lack of diverse industries in Zamfara have a major role to play in the Pb-poisoning epidemic in 
recent years. 
 Pb-bearing Phases 
 Once the high rate of Pb-poisoning had been discovered, geochemical investigations were 
conducted to determine the Pb concentration levels as well as the Pb-bearing phases in NW 
Nigerian villages. Investigations by the World Health Organization (WHO), United Nations 
Children’s Fund (UNICEF), and U.S. Center for Disease Control and Prevention (CDC) and 
CDC’s Nigerian colleagues have found that the gold ore contains galena, lead (II) sulfide, PbS. 
This is consistent to the natural augmentation in hydrothermal deposits and base metal ores, 
where it is most inhabited by galena (Wilkin, 2007). Galena consists of a cubic structure with 
perfect cleavage that has high attraction potential to gold, Au, which has been proven in 
computational and laboratory experiments where the adsorption of AuCl4
- in the inner sphere 
complex of galena causes an electron transfer and reduction of Au+3 to Au0 (Rosso and Vaughan, 
2006). When “galena is exposed to air, water and other factors, it enhances its weathering of 
oxidation where the subsequent formation of lead phases occurs (e.g. PbSO4 and PbSO3)” (Razo 
et al., 2006). However, Pb-phase PbSO4, known as anglesite, is metastable and soluble making its 
surface easily vulnerable to the phase transformation resulting in lead oxide or lead carbonate, 
known as cerussite (Fuerstenau, M.C. et al., 1986). In addition, the phase transition from galena 
to anglesite and cerussite mainly depends on the Eh levels where the transformation of Pb-phases 
anglesite to cerussite is mainly dependent on pH levels. By determining the Pb-phase or 
speciation, pH and Eh factors can also be established. The Eh-pH diagram shown in Fig. 1.11 
12 
below illustrates that cerussite, PbCO3, is highly soluble below pH 6 and anglesite, PbSO4, is 
highly soluble at pH levels higher than ~4.5 (Wilkin et al., 2007). 
 
Figure 1.11: Eh-pH diagram for Pb-phases 
 
According to the U.S. EPA, the relative bioavailability of lead in different phases are 
>75% for PbCO3; PbMnO, 25-75% for PbO, PbFeO, PbPO4 and Pb-slags; and <25% for PbS, 
PbSO4, PbO, PbFeSO4, and elemental Pb (U.S. EPA, 2007). Mineralogy and crystallography are 
therefore crucial controls on the bioavailability and toxicity of Pb compounds due to the relative 
solubility and absorption properties of different phases (Hochella et al., 2005). By examining the 
different phases of the collected samples, the potential risk of Pb poisoning as well as the factors 
controlling the Pb formation in Zamfara’s semi-arid climate can be evaluated. 
                                                 
 http://nepis.epa.gov/Adobe/PDF/60000N76.pdf 
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 Study Overview 
Processed ore, soil, and dust samples were collected from approximately 54 villages by 
teams from the U.S. Centers for Disease Control and Prevention (CDC) and Nigerian colleagues, 
and provided to the Environmental Research Laboratory (ERL) at Georgia State University 
(GSU). After I logged and prepared each sample for the different geochemical analyses, Kent 
Elrick from the ERL conducted Inductively Coupled Plasma – Atomic Emission Spectrometry 
(ICP-AES) analysis and Carbonate Combustion Analysis. In addition, I conducted X-ray 
Diffraction (XRD), Scanning Electron Microscopy – Energy Dispersion Spectrometry (SEM-
EDS), Multivariate Statistical Analysis (MSA), and Geographical Information Systems (GIS) in 
ArcMap 10.2 on different subgroups of the samples. In particular, a geochemical investigation in 
of the all collected samples was conducted identifying the heavy metal concentration levels using 
ICP-AES. Additional analysis of high concentration samples was conducted using XRD with a 
cluster analysis and SEM-EDS to determine the mineralogical correlations/relationships amongst 
the samples and elemental constituents; respectively. Furthermore, the XRD cluster analysis was 
constructed to identify any outliers that would interfere with the accuracy of the MSA 
calculations. The MSA was generated to test for associations of the trace metals (As, Cu, Mn, 
Mg, Rb, Sb, Fe, and S) of samples containing various amounts of Pb concentrations. Additional 
MSA were produced using specific sample types to compare with the GIS Geostatistical Kriging 
maps (sleeping area kriging maps and play area kriging maps) in order to interpret the kriging 
results of the NW Nigerian region. In addition, histograms were generated using SPSS 20 to 
determine the distribution of constituents in the samples to ensure a normal distribution in order 
to determine that the multi-level sampling would not negatively affect the outcome of the 
Kriging results. Lastly, Carbonate Combustion Analysis was conducted to test how carbonate 
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content relates to Pb abundance (i.e. cerussite vs. galena presence/absence) among the samples 
containing high Pb concentrations. 
 Statement of the Problem 
There is a diverse set of Pb-bearing minerals with each mineral possessing a different 
range of bioavailability and toxicity that could have caused the Pb poisoning epidemic in 
Zamfara. Analysis of these samples will help to determine what Pb-bearing minerals are in direct 
correlation to this problem.  
 Study Purpose and Significance 
The overall purpose of this research is to provide a full geochemical analysis and 
determine the mineralogy of Pb-bearing compounds in environmental samples to improve the 
understanding of the potential risks of high bioavailable Pb in comparison to low bioavailable Pb 
mineral phases. Additional goals for this study are i.) to assist in the on-going Pb exposure 
investigations in NW Nigeria, ii.) to gain further knowledge of the widespread Pb exposure in 
order to educate the local community of risks and hazards associated with mining in the area and 
processing the ore in the village compounds, and iii.) to illustrate the findings through spatial 
distribution predictions in the region to distinguish what areas are potentially at risk for Pb-
exposure.  
 The implications of this research are to determine how samples can be examined not only 
at a geochemical level but a mineralogical level. There are not many studies on the mineralogy 
of the region, therefore by focusing on how the mineralogy and the geochemistry relate we can 
predict the extent of the Pb-exposure as well as the level of Pb-phase bioavailability. The 
bioavailability is an important factor to consider when dealing with Pb, because the higher the 
bioavailability Pb-phase the more at risk for Pb poisoning even at lower concentration levels. 
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The Pb concentration levels are determined by geochemical analyses, however, this study goes 
beyond the geochemical work to explore significant correlations between the chemistry, spatial 
distribution, locality, and ore type. By using statistics such as MSA, PCA, and other correlation 
tests, comparisons can be made to further the understand Pb-exposure and Pb dispersal 
throughout the region. In addition, the high Pb concentration provides an opportunity to look at 
the mineralogy through XRD identifying the main Pb-phases in the villages.  
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2     ANAYTICAL METHODOLOGY 
2.1 Sample Collection 
The sample collection was performed and completed in the summer of 2012 by teams 
from U.S. Center for Disease Control and Prevention (CDC) as well as Nigerian Colleagues. The 
teams collected a total of 763 samples comprised of 5 different sample types from 54 villages in 
Zamfara State, northwestern Nigerian. The different sample types are comprised of dust sweeps 
from children’s sleeping areas, dust sweeps from children’s play areas, breaking rock ore, 
washed ore, and ground ore. Each village’s sample collection entailed randomly selecting 7 
different children within the village obtaining samples from each child’s sleeping area and play 
area for a total of approx. 14 dust sweep samples per village. The sample collecting was 
conducted by using a household broom and stored in low-density polyethylene bags for transport 
from the collection site. After collection, samples were sent to an irradiation decontamination lab 
to kill any potential viral or bacterial contents and then shipped to GSU’s ERL for geochemical 
analysis. The individual polyethylene bags were labeled with the village number, child number, 
and descriptor (children’s sleeping area dust sweep, children’s play area dust sweep, or 
processed ore). In addition to the hundreds of dust sweeps, twenty-three samples of processed 
ore were collected from different sites. These samples greatly differed in appearance ranging 
from biotite schist containing veins of galena and quartz (ore sample XA) to sedimentary 
deposits (ore sample XB) to weathered iron oxide compositions (ore sample XE).  
 
Figure 2.1: Ore sample XA 
 
Figure 2.2: Ore sample XB 
 
Figure 2.3: Ore sample XE 
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In order to ensure privacy and protection for the individuals and villages of NW Nigeria, 
the identity of the children tested, exact locations of the collected samples, and the original 
sample number are not listed in this study. For that purpose an Environmental Research 
Laboratory number (ERL#) has been assigned to each sample for this analysis entailing an 
ascending numerical system 1-774 with a description of the sample type. The 3 different sample 
subgroups that will be used in the study are:  
1. Sample type (i.e. sleeping area, play area, or processed ore type) 
2. Samples with concentrations levels > 400 ppm Pb  
3. Samples with concentration level > 100 ppm Pb. 
These concentration levels were selected in regards to the US EPA RSSL of 400ppm as 
well as its Reoccupancy Clearance Testing Guidelines of window sills Pb concentrations no 
greater than 250 ppm/sq. and floor Pb concentrations no greater than 40 ppm/sq.ft. (EPA, 2011). 
The samples were separated into different subgroups depending on the implemented method (i.e. 
ICP-AES, XRD, MSA, GIS, SEM-EDS, and Carbonate combustion) shown in the table below. 
The table outlines the methods used for each subgroup of the sample collection. 
Table 2.1: Outline of methods used for each sample subgroup 
Subgroup Methods Used 
All Samples ICP-AES and MSA 
Sample Type GIS 
>100 ppm Pb samples XRD, MSA, and Carbonate combustion 
>400 ppm Pb samples 
XRD, XRD Cluster Analysis, MSA, SEM-EDS, 
and Carbonate combustion 
2.2 Initial Sample Preparation 
Due to the hazardous nature of the samples, a great emphasis was placed on safety when 
handling the samples in the laboratory. A self-standing vacuum hood with a twelve inch HEPA 
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filter was used to control and entrap any airborne dust when handling the samples. In addition, 
personal protective equipment which entailed goggles, surgical face mask, gloves, and a lab coat 
was worn at all times when in contact with the samples.  
Initial preparation of the samples involved grain size fractionation using a 2 mm plastic 
sieve to eliminate the low concentration bias of large grains (i.e. pebbles and debris) that have 
effectively zero metal concentrations targeting the smallest size fraction of the total sample. In 
particular, PbCO3 is found in grain sizes ranging from 2mm to >2µm (Hillier et al., 2001), hence 
its high bioavailability properties (Queralt and Plana, 1993). Therefore after sieving, each sample 
was dried in an oven at 60° F overnight and ground in a ceramic casket using a ball pestle impact 
grinder (Fig. 2.4) for 10 minutes to ensure the greatest homogeneity (Zhu et al, 2004). For gravel 
to cobble size ore rock samples, a shatter box with a puck was used to grind the sample.  
 
                 Figure 2.4: Ball Pestle Impact Grinder 
 
2.3 Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) 
Inductively coupled plasma- atomic emission spectrometry (ICP-AES) is used to 
quantitatively measure the intensity at a particular wavelength to determine concentrations of up 
to thirty different elements at one time (Skoog et al., 2014). The theoretical principle governing 
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atomic emission states that the signal is proportional to the excited-state (ionized) concentrations 
(Zachariadis, 2012). There are 4 fundamental steps involved in ICP-AES’s procedure. The first 
step involves vaporizing the sample creating a steady state stream of molecules (EPA, 2007). 
The next step involves the excitation of the atom through the plasma and then sending the atomic 
photon emission through a grating where an ionic photon emission is produced. These photons 
then pass through the polychromator separating multiple wavelengths in unison through several 
exit slits where multiple transducers transform the separated radiation into an electrical signal. 
Lastly, the electrical signal is translated by a computer system (Skoog et al., 2014) into 
concentration levels of the given element to be readout through specific wavelengths. Due to the 
extreme temperatures of the plasma (~ 6000-10000 K), the ICP-AES has high detection limits 
for many elements, however it is not free of interferences due to Ar gas supporting the plasma 
generation as well as spectral overlay of certain elements (Skoog et al., 2014). ICP-AES limit of 
detection for Pb is approximately 20 ppb which is more than sufficient for this geochemical 
analysis of Pb concentrations.  
 
Figure 2.5: Inductively Coupled Plasma- Atomic Emission Spectrometry 
                                                 
 http://faculty.sdmiramar.edu/fgarces/LabMatters/Instruments/AA/AA.htm 
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 ERL ICP-AES Sample Preparation and Procedure  
Initial preparation for ICP-AES analysis performed by Geochemist Kent Elrick entailed a 
mixed acid digestion consisting of nitric acid (HNO3), hydrofluoric acid (HF), and perchloric 
acid (HClO4) at 190° C. HNO3 was used to prevent heavy metals from being adsorbed onto the 
polypropylene centrifuge tubes and other instrument tubing or glass before being exposed to the 
plasma. HF was used to dissolve the silica content and HClO4 was used to dissolve any organic 
materials in the samples.  
 
Figure 2.6: Digestion batch of 45 samples 
 
The samples were then analyzed using ICP-AES in batches of 45 samples. Each sample 
was introduced to the nebulizer chamber using an automatic sampler that draws up the solution 
in a tygon tube by a peristaltic pump which then pushes the liquid through the system. The 
peristaltic pump controls the flow of the sample to a small aperture where the solution is 
introduced to the argon (Ar) gas creating a mist. The Ar gas flow transports the mist to the 
plasma that is approximately 10,000° C where the liquid sample evaporates, is atomized, and is 
put into an excited or ionized state (Skoog et al, 2014; Kabengi, 2014). Reduction of the excited 
valence electrons occurs once the excited/ionized atoms leave the plasma and emit photons 
specific to the elemental properties in the sample that go through the grating and polychromator 
21 
and is sent through the photomultiplier where it is converted to an electrical signal that is read 
out by a computer system (Skoog et al, 2014).  
ICP-AES measures Al, As, Ba, Be, Ca, Co, Cu, Fe, Ga, K, Li, Mg, Mn, Mo, Na, Nb, Ni, 
P, Pb, Rb, S, Sb, Sr, Ti, V, and Zn; i.e. essentially most elements except for noble gases and 
some non-metals. Although for this study of Pb contamination in NW Nigeria, not all of the 
measured constituents were examined in the geochemical analysis. The elements of interest for 
the geochemical investigations included Al, As, Cu, Fe, Mg, Mn, P, Pb, Rb, S, and Sb (See 
Appendix A). In addition to running all 763 samples in the ICP-AES, different standards were 
used throughout each run to ensure quality control and assurance of each batch. This quality 
control and assurance (QA/QC) entailed alternating the standards during each batch by running 
one standard after every six samples in sequential order as well as conducting four duplicate runs 
at the end of each 45 sample batch on random samples (Standard Methods, 1993). The standards 
used are comprised of NIST 2709a, NIST 2711, NIST 1646a, USGS SDO, USGS BHVO 2, 
NRCC MESS 3, NIST 2710 and NIST 2780 (See Appendix A.1).  
 
Figure 2.7: VISTA AX CCD Simultaneous ICP-AES 
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2.4 X-ray Diffraction (XRD)  
X-ray diffraction (XRD) is a non-destructive and direct analytical method for the 
identification and semi-quantitative determination of crystalline phases (König et al., 2010; 
Klein, 1993; Hillier, S., 2000) in powdered sediment samples. The theoretical principle behind 
X-ray diffraction is Bragg’s Law (shown in Fig. 2.5). Bragg’s Law indicates that the incidence 
wavelength, λ, is projected on the random oriented sample surface producing an interference or 
diffracted ray angle, 2θ, measuring the crystal lattice and d-spacing between atoms in the sample.  
 
Figure 2.8: Bragg's Law 
 
X-rays are generated by heating a cathode emitting electrons at 45 tension or electrical 
potential (kV) and 40 electrical current (mA) resulting a power supply of 1,800 W through a Cu 
x-ray tube (Hollocher, 2015). Once the sufficient energy of the electrons is obtained, a 
continuous characteristic radiation i.e. wavelength, λ, is produced (Moore and Reynolds, 1997). 
The incident beam hits the surface of a randomly oriented bulk powder sample and the diffracted 
beam at the angle measured generating distinctive peak patterns aiding in identifying the 
mineralogy and/or Pb-phases in each sample. This bulk powder diffraction pattern called a 
diffractogram is identified by “comparing measured data to a reference database, the most 
comprehensive of which is maintained by the International Centre for Diffraction Data (ICDD)” 
                                                 
 http://www-outreach.phy.cam.ac.uk/camphy/xraydiffraction/xraydiffraction7_1.htm 
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(König et al., 2010). Because ICP-AES only identifies the chemical composition of the sample 
using the XRD to identify the mineralogy of the samples will aid in determining the 
bioavailability levels of the samples.  
 XRD Sample Preparation and Procedure 
Identification of Pb-phases using XRD analysis is limited and dependent on the detection 
limit of ~2% of sample in XRD for mixed materials (Dutrow and Clark, 2013) and the 
abundance of Pb concentration levels in the sample, therefore, XRD powdered bulk analysis 
were run only on samples greater than 100 ppm Pb. Samples prepared for bulk XRD analysis 
must be a homogenous, finely ground powder (Moore and Reynolds, 1997) therefore, each 
sample was ground for 10 minutes in a ball and pestle impact grinder. Powdered samples were 
obtained from the remaining powdered substance used for the ICP-AES analysis and back-filled 
into sample holders. Samples were loaded into sample holders under a filtered hood using gloves 
and a face mask to ensure the lowest exposure and dispersion of the powdered sample containing 
greater than 100 ppm Pb. The back-filled procedure involves using a scratched glass surface in 
order to arrange the powdered grains into a random orientation, flipping the holder over into an 
upright position, and then removing the glass slide exposing the sample (See Fig. 2.10 and 2.11). 
 
Figure 2.9: Scratched glass slide- XRD sample prep 
 
Figure 2.10: XRD bulk powder sample with holder 
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Each sample was analyzed using 5°-70° scan angle range for approximately 40 minutes 
with a graphite crystal monochromator to eliminate Fe fluorescence in the PANalytical X’Pert 
Pro diffractometer, with Cu Kα X-ray radiation and a PIXcel 1D detector. HighScore Plus 
software using the ICDD identification database was used to identify the mineralogy of the 
sample in regards to Pb-phases. In addition to the ICDD identification, hand specimens from the 
GSU Mineralogy Laboratory were run on the X-ray diffractometer as standards.  
 
Figure 2.11: PANalytical X’Pert PRO 
XRD 
 
 
Figure 2.12: XRD Goniometer and sample stage 
 XRD Cluster Analysis 
Cluster analysis is a statistical method used when processing a large dataset in order to 
classify or group different grades of ore “distinguishing between different ore deposits, different 
ore qualities, and different ore types” (König et al., 2010). According to König et al., this 
statistical method is a relatively new technique used in mining and manufacturing industries to 
refine ores and to determine phase content of different types of slag. For this study, a cluster 
analysis was performed using the XRD diffractograms of samples containing >400 ppm of Pb 
using PANalytical’s HighScore Plus program to determine the relationships, if any, amongst the 
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samples. Only samples over 400ppm Pb, 22 in total were selected for this analysis due to the 
U.S. EPA’s Residential Soil Screening Level (RSSL) of Pb (EPA, 2015) as well as the greater 
likelihood XRD would be capable of identifying Pb-phases and ore grades of the samples. 
Cluster analysis is conducted in an automated fashion sorting through the closely related 
diffractograms. The cluster analysis produces a principle component analysis (PCA) comparing 
three different components; the data source comprised of the diffractogram’s i.) profile and ii.) 
peaks as well as the comparison type, iii.) position. The PCA is simply a descriptive tool, 
therefore, does not represent the 2θ and x-ray intensity. In this study, the PCA’s threshold is75% 
with a Euclidian distance measurement and average cluster linkage. The cluster analysis also 
generates a dendrogram outlining the division between clusters with an actual cut off point of 45. 
The PCA cluster illustrates the correlations between diffractograms in a 3D model. The cluster 
classification and descriptions depend on the positioning of the cluster within the 3D PCA. The 
positioning of the different clustering can represent grades of the ore, localities, and any outliers 
in the sample population (König et al., 2010). 
2.5 Multivariate Statistical Analysis 
Multivariate statistical analysis is a “quantitative and independent approach” for the 
classiﬁcation, grouping, and correlation of different kinds of chemical parameters (Zumlot, 
2013). This method generates elemental patterns and relationships from quantitative, raw data 
into an ordered numerical scale ranging from -1 to 1; 1.0 being completely correlated, 0 having 
no correlation, and below 0 having a negative correlation. In this study, a multivariate statistical 
analysis was applied to a subgroup of the ICP-AES data set in terms of Pb content to identify the 
potential Pb-phases in the area. This subgroup contains 22 out of 774 samples comprised of 
concentration levels greater than 400 ppm Pb and 12 variables including major elements (Na and 
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Mg) and trace elements (Pb, S, Sb, Rb, P, Mn, Fe, Cu, As, and Al). The multivariate statistical 
analysis was performed using an online program in Vassarstats.net called Matrix of 
Intercorrelations. The accuracy of the online tool was confirmed by Statistical Package for the 
Social Sciences 20 (SPSS 20) Pearson Correlation Coefficient analysis tool using the equation 
(Fig.2.13).  
 
Figure 2.13: Pearson Correlation Coefficient  
 
The aim for using this statistical analysis was to test for any linear relationship between 
each of the variables to further classify the elemental correlations in relation to the bulk 
mineralogy and Pb-phases, in particular. Due to the small sample set, this analysis is sensitive to 
outliers and non-normality of geochemical datasets (Riemann and Filzmoser, 2000) resulting in 
inaccurate coefficient values. In order to detect any outliers in the dataset the mineralogy of the 
22 samples must be examined to identify the variance in Pb-phases. To determine if there are any 
mineralogical outliers in the subgroup, a XRD cluster analysis was preformed aiding in the 
multivariate statistical analysis. On the other hand, the multivariate statistical correlation 
coefficients with high positive associations tend to come from the same source area (Yalcin et 
al., 2008). Therefore, the multivariate correlations will aid in the interpretation of the GIS 
Geostatistical Kriging Analysis which will be discussed later.  
                                                 
 http://www.socscistatistics.com/tests/pearson/ 
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2.6 Scanning Electron Microscopy Energy Dispersion Spectrometry (SEM-EDS) 
To confirm the ICP-AES chemical constituents of high Pb samples, scanning electron 
microscope (SEM) LEO 1450 VP with an energy-dispersive spectrometer (EDS) was used. 
SEM-EDS is a qualitative analysis that produces a black and white 3D image generally at the 2.0 
nm scale with magnifications of up to 200,000x (Bozzola and Russell, 1999; Veblen and Wylie, 
1993). The main systems within the SEM that allow it to function cohesively are the electron 
gun, the three stage condenser lenses system, the scanning deflection system (scan generating 
coils), and the vacuum system. Other imperative components of the SEM include the sample 
stage, secondary electron detector, viewing and recording monitors. Figure 2.8 and Figure 2.9 
below shows these components.  
The essential component of the SEM which must be established before any other function 
of the microscope is possible is the vacuum system. The vacuum system creates a mean-free path 
of electrons, prevents high voltage discharges between the filament and the anode, prevents O2 
sensitive filament oxidation, and safe guards against contaminating gases from water vapor and 
organics (Simmons, 2013; Bozzola and Russell, 1999; Reimer, 1998). The SEM’s three stage 
condenser lens system is also a very important aspect of the spectrometer. The first lens (C1) 
regulates the accelerating voltage and emission of the electron beam increasing the resolution 
and lower the signal, the beam then travels through condenser lens (C2) further refining the beam 
spot, and then the beam goes through condenser lens (C3) with controls the final focusing of the 
image on the viewing system as well as the depth of focus (Bozzola and Russell, 1999). After the 
electron beam traveling at approximately 20 kV penetrates the specimen, elastically and inelastic 
scattering of electrons occurs. Elastically scattered (backscattered electrons) are increased with 
increasing atomic weight of elements in the sample and are collected by the backscatter electron 
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detector to reduce noise. Inelastically scattered electrons (secondary electrons) are attracted 
through a Faraday cage and then collected by the secondary electron detector converting the 
electromagnetic signal into an image on a computer monitor (Reimer, 1999).  
 
Figure 2.14: Scanning Electron Microscope with 
Energy Dispersion Spectrometry  
 
Figure 2.15: SEM electron movement@ 
 
Furthermore, the EDS function of the SEM uses x-rays to provide a qualitative analysis. 
The electron beam is directed to a targeted particle on the specimen stage generating energy 
specific X-ray energies which are absorbed by a silicon crystal capable of detecting multiple 
wavelengths (X-ray energies) simultaneously. When using the EDS function of the SEM to 
analyze inorganic materials containing trace metals, the X-rays emitted from the heavy metals in 
the specimen will present more complex spectra, usually with multiple energy peaks (Bozzola 
and Russell, 1999). Due to higher backscattering, the higher the atomic number the brighter an 
element will appear on the image; therefore Pb (z=82) would appear brighter than Fe (z=26).  
                                                 
 Fig. 2.8 http://www4.nau.edu/microanalysis/microprobe-sem/instrumentation.html  
@Fig 2.9 http://www.purdue.edu/ehps/rem/rs/sem.htm 
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 SEM-EDS Sample Preparation and Procedure  
In order to view heavy metal constituents under an electron optical system, the sample 
requires a carbon coat to create an electroconductive layer established by a process called 
thermal deposition. The coating increases thermal and electrical conductivity as well as reduces 
charging effects due to grinding the samples. To prepare the samples for SEM-EDS analysis, 
they were sieved to <2mm, ground in the ball pestle impact grinding for ten minutes, mounted on 
a metal stub using doubled sided carbon tape, and then placed into a Vacuum Evaporation 
System (VES), a bell jar under high vacuum. Once the VES has reached high vacuum conditions, 
a current (approx. 30 A) is applied across electrodes holding a graphite rod, vaporizing the 
graphite atoms from the filament in straight lines depositing a thin coating on the surface of the 
sample to create an electroconductive layer of carbon (Simmons, 2013; Bozzola and Russell, 
1999). Once the mounted samples were coated they were placed on the sample stage of the SEM 
and closed into the vacuum chamber.  
 
Figure 2.16: SEM sample stub 
 
Figure 2.17: Vacuum Evaporation System 
 
Figure 2.18:: LEO 1450 VP SEM with RonTech Detector 
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2.7 Geographical Information System (GIS): Empirical Bayesian Kriging (EBK) 
The GIS-Geostatistical Wizard geoprocessing tool called Empirical Bayesian Kriging 
(EBK) in ArcGIS 10.1 was used to illustrate and determine the spatial distribution of heavy 
metals, specifically Pb, in Zamfara State, northwestern Nigeria. The Kriging analysis will help 
assess areas at risk for Pb exposure as well as predict the potential mineralogy throughout the 
region. EBK is a “geostatistical interpolation method” used to bypass the most strenuous task of 
manually adjusting the parameters in order to achieve the most optimum kriging results (Esri, 
2012). By using subsetting and simulations, the EBK automates the parameter calculations and 
accounts for the error amongst the estimated semivariogram through the use of the known 
locations data (assuming it to be true) producing a more legitimate prediction of concentration 
levels in the study area. As opposed to other spatial interpolation methods, kriging does not 
assume random spatial variation. Thus, through using point data and kriging, it will be possible 
to produce maps showing the spatial distribution of specific contaminants (Forsythe and Marvin, 
2005) without “underestimating the standard error of prediction” (Esri, 2012). Creating these 
maps was done on the basis that risk exposure can be associated with the proximity of areas 
containing higher concentrations of metals by creating a surface with kriging for each of the 
elemental variables.  
Because coordinates possess multiple samples as was this case, this study used the mean 
of multiple samples with the same coordinates in the EBK analysis. Among EBK analysis has 
many advantages, converting maps to a raster is not one of them as it is stated to have 
significantly slow processing time unable to be performed with the computer processing 
capabilities on hand (Esri, 2012). Another factor that was considered for this analysis is the 
multi-level clustered sampling. In Zamfara State’s approx. 40,000 km2 geographical region, the 
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point data shown on the maps represents the 54 villages were samples were collected. In each of 
these villages, there were approx. 14 samples collection; 7 dust sweeps from different children’s 
sleeping areas and 7 samples from different children’s play areas. In addition, each of the dust 
sweeps contains its own set of elemental concentrations determined by ICP-AES analysis. The 
diagram below illustrates the multi-level sampling. The multi-level sampling was not 
problematic with EBK due to the large number of simulations increasing the precision of 
elemental surface Kriging (Esri, 2012), however, when interpreting the prediction caution must 
be taken in areas where few samples were collected. 
 
Figure 2.19: Multi-level cluster sampling summary 
 
 GIS: EBK Procedure 
GIS Empirical Bayesian Kriging was conducted using latitudinal and longitudinal point 
data provided by the CDC research and field collection team as well as ICP-AES elemental 
concentration data collected in the ERL. The x-y coordinates and ICP-AES dataset were 
imported from excel spreadsheets and then joined together based on the ERL# assigned. A 
World-Imagery Basemap and coordinate system GCS_WGS_1984 was used to project the x-y 
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coordinate system. The x-y coordinate data represents two types  of dust sweep samples of an 
individual child i.e. children’s sleeping area dust sweeps and children’s play area dust sweeps, 
therefore there will be two sets of maps examined separately. In addition, each type of dust 
sweep contains its own ICP-AES elemental data and will be illustrated on different maps. The 
concentration levels of the elemental data is represented using an interval scale revealing high 
concentrations shown in red to low concentrations shown in blue. The EBK was not conducted 
on the processed ore samples due to the large number of outliers in the group which would skew 
the dataset and produce an inaccurate prediction. 
EBK maps were generated to analyze the spatial relationships of Pb, Sb, P, Rb, Cu, As, 
Mn, S, and Fe and to determine any trends between the geochemistry that arise in Zamfara State, 
northwestern Nigerian villages. In addition, the multivariate statistical correlation coefficients 
with strong associations tend to come from the same source area (Yalcin et al., 2008). Therefore, 
MSA was produced for each subgroup to aid in interpreting the spatial prediction of the EBK 
There were several limitations within this analysis that will be discussed in the results and 
discussion (See Chapter 3.5.4). However, complications did arise when trying to modify the 
elemental interval range in ppm due to the inhabitability to export the map as a raster and is kept 
as a vector file. Although the vector file shows clear accurate boundaries, as a raster file the 
maps individual cells can be modified and changed to more precise values (Neumann et al., 
2010). This means that the concentration interval range could not be changed and was remained 
with a ppm value showing the nth degree (i.e. 100.0021231-400.0284364 ppm). Also, for each 
sample type only 290 samples out of 371 samples were matched to an x-y coordinate resulting in 
a GIS Kriging prediction of approximately 78% of the total samples.  
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2.8 Carbonate Combustion Analysis  
The LECO SC-444DR analyzer is used to determine the concentration levels of total 
carbon (TC), total organic carbon (TOC), and total inorganic carbon (TIC) from sediments using 
non-dispersive infrared detection of CO2 during dry combustion (EPA Standard Operating 
Procedure for analysis on TOC, 2005). In this study the Carbonate Combustion analysis was 
used to determine the total carbon as well as the pollutant organic carbon loss during combustion 
in order to reveal the inorganic carbon (Bodénan et al., 2014) or in this case the carbonate in the 
sample material. The carbonate (TIC) in the material will help us quantitatively determine the 
highly bioavailable cerussite present in the samples. It is especially important since cerussite is 
highly bioavailable and has been hypothesized to be dominating Pb-phase in the NW Nigerian 
region due to the high Pb exposure rate. Furthermore, the TIC analysis was conducted because 
even though ICP-AES determines essentially all elements, it does not measure for noble gases 
and some non-metals, in particular C. Sixty-three out of seven hundred and seven-four samples 
contain Pb content >100 ppm Pb from the fifty-four NW Nigerian villages will be analyzed for 
carbon percentages. According to the EPA (2005), the approximate working range is 0.1% to 
62% of carbon in standard operating procedure for analysis of TOC in sediments (Dry 
Combustion, IR Detection); more than efficient for the samples in this study. PbCO3 has a 1:1 
ratio between Pb and C where C makes up 4.5 wt%, therefore, we would expect to see as high as 
3% TIC and as low as 0.4%.  
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Table 2.2: Cerussite elemental composition 
 
Figure 2.20: Mass composition by element (g/mol) of Cerussite  
 
 
Furthermore, the TIC percentages measured by the Carbonate Combustion analysis will 
be evaluated statistically to determine if the carbonate material present correlates with the ICP-
AES Pb-concentrations of samples containing Pb concentrations >100 ppm. 
 Carbonate Combustion Analysis Sample Preparation and Procedure 
The initial analysis preformed was to determine the total carbon (TC) concentration. This 
method entailed weighing out a dried sample of approximately 0.2500 g and loading the samples 
into the furnace chamber set at 1350°C where oxygen is blown through a slit causing a 
combustion reaction to occur. After the initial TC is determined, the TIC is then eliminated from 
the sample using an acid wash of hydrochloric acid. Hydrochloric acid is a strong acid that acts 
                                                 
 http://www.webqc.org/molecular-weight-of-PbCO3.html 
Symbol Element Atomic Weight Atoms Mass Percent 
Pb Lead 207.2 1 77.5423%
C Carbon 12.0107 1 4.4949%
O Oxygen 15.9994 3 17.9628%
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as a digestant dissolving the TIC in the sediment. The samples are then dried on a hot plate under 
the hood and then analyzed in the Leco SC-444DR to determine the TOC concentrations. To 
calculate the TIC concentrations in the samples, the TOC is subtracted from the TC where TC-
TOC = TIC. Along with the 64 samples analyzed for IC, standards were run to ensure a quality 
control and quality assurance (QA/QC) analysis. The standards used are NIST 2709, USGS SCO 
1, USGS SDO, NRCC MESS 3, NIST 8704, NIST 2711, USGS QLO, and USGS SGR (See 
Appendix A.2.)  
 
 
Figure 2.21: LECO SC-444DR 
 
Figure 2.22: Leco carbon combustion Sample boats 
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3 RESULTS AND DISCUSSION 
3.1 ICP-AES Analytical Results  
ICP-AES analysis was used to determine the complete geochemical composition of dust 
sweep from children’s sleeping area (370 samples) and play areas (371 samples) as well as 
different types of processed ore (22 samples). The three different classifications of processed ore 
are solid rock (7 samples), ground/drying (6 samples), and washing (9 samples). There were 26 
elemental constituents measured, however, those were narrowed down to 12 elements for the 
purpose of examining only the Pb phases in the samples. The elements examined in this analysis 
include Pb, S, Sb, Rb, P, Mn, Mg, Fe, Cu, and As. The full chemical breakdown of each sample 
for the 12 elements of interest is shown in Appendix A. 
ICP-AES analysis revealed that the processed ground ore samples contained high levels 
of lead (Pb), arsenic (As), antimony (Sb), and copper (Cu). The Pb levels were as high as 
~61,000 ppm in the ground ore and ~34,000 ppm in the washed ore. Samples associated with 
ground ore also contained >200 ppm As whereas high levels of Sb and Cu were found in both 
ground and washed ores. Pb concentrations exceeded the US EPA Residential Soil Screening 
Level (US EPA RSSL) of 400 ppm in children’s sleeping areas revealing concentrations as high 
as 1,400 ppm. However, play areas revealed relatively low concentrations compared to the 
processed ore and sleep area dust sweeps. Overall, only approximately 3% [(763 samples/ 23 
samples) x 100 = 3.01%] of the samples exceeded the US EPA’s RSSL with background 
concentration levels approximately 24 ppm Pb calculated by the relative median of the Pb ppm 
range excluding the ground/drying ore outlier. 
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Table 3.1: Summary of ICP-AES analytical results for total chemical composition 
 
 
Sample type (n) 
Pb ppm            
range 
(median) 
S ppm             
range 
(median) 
Sb ppm             
range 
(median) 
Rb ppm            
range 
(median)] 
P ppm           
range 
(median) 
Mn ppm           
range 
(median) 
Mg ppm                 
range 
(median) 
Fe ppm                 
range 
(median) 
Cu ppm            
range 
(median) 
As ppm           
range 
(median) 
Sleep Area (370) 
5.8-3000 
(28) 
9.1-10600 
(341) 
-2.2-87.4 
(0.5) 
5.4-170 
(53) 
49-1600 
(420) 
53.9-1020 
(222) 
0-11000 
(1700) 
0-47000 
(9600) 
1.9-610 
(8.5) 
-0.9-140 
(2.5) 
Play Area (371) 
5.1-960 
(23) 
26.1-2990 
(284.5) 
-2.8-4.8 
(0.3) 
4.7-170 
(52) 
0-1600 
(350) 
53.2-944 
(216) 
0-8300 
(1500) 
0-35000 
(9650) 
1.4-54 
(7.5) 
-0.58-140 
(2.45) 
Solid rock (7) 
4-11000 
(22) 
-10.7-902 
(32.1) 
-5.2-6360 
(3.6) 
11-1600 
(52) 
1.7-320 
(46) 
44.1-1190 
(104) 
75-19000 
(490) 
570-
44000 
(3900) 
1.5-580 
(4.8) 
-0.31-320 
(4.5) 
Ground/drying 
(6) 
11-61000 
(960) 
136-
10100 
(471.5) 
0.6-373 
(2.75) 
16-110 
(46.5) 
110-1300 
(230) 
98.1-493 
(281.5) 
0-1400 
(975) 
12000-
100000 
(21500) 
9.9-1500 
(360) 
14-9400 
(180) 
Washing (9) 
5.4-1800 
(22) 
3.8-547 
(41.6) 
-0.9-2.9 
(0.6) 
13-480 
(29) 
37-1300 
(160) 
27.4-1100 
(257) 
230-
14100 
(750) 
4400-
43000 
(14000) 
2.4-190 
(13) 
0.89-450 
(22) 
Table 3-1 shows the range and median of elements (Pb, S, Sb, Rb, P, Mn, Mg, Fe, Cu, As) arranged in sample type categories 
consisting of dust sweep of children’s sleeping area, dust sweeps of children’s play areas, and process ore samples (solid rock, 
ground/drying, and washing). Focusing on the Pb concentrations in the samples, the median of Pb in all categories are relatively low 
(22-28 ppm); while the ground/drying samples contain a high median of Pb concentration (960 ppm).  
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3.2 XRD Results  
 XRD Pb-phase Identification  
The XRD analyses only identified two Pb-phases: cerussite (PbCO3), a secondary 
weathering and alteration product of galena (PbS) as well as galena itself. Pb-bearing crystalline 
phases were not only found in processed ore samples but were also found in swept dust samples, 
suggesting likely abundances of >0.5 wt.% cerussite. XRD identification of Pb-phases with Pb 
<2000 ppm unexpected, because the detection limit for crystalline Pb is ~2% of sample for 
mixed materials (Dutrow and Clark, 2013). Initially the highest Pb concentration samples from 
each sample type were scanned using PANalytical X’Pert Pro. These samples are ore sample 
(ERL#80 containing 61,000 ppm Pb) and dust sweep (ERL#211 containing 2,000 ppm Pb) 
identified two different Pb-phases: galena, PbS, in sample #80 and cerussite, PbCO3, in sample 
#211 (shown in Fig 3.1). Cerussite is defined on the diffractogram below at d-spacing 3.58 Å, 
3.48 Å, 2.52 Å, and 2.48 Å while galena is defined at d-spacing 3.42 Å, 2.95 Å, 2.09 Å, and 1.71 
Å. 
 
Figure 3.1: XRD bulk analysis diffractogram for #80 and #211 
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In addition to the ICDD indentification, mineral hand specimens of galena and cerussite 
obtained from the Mineralogy Laboratory at GSU were used as standards in the XRD dataset to 
evaluate and confirm mineral existence for this analysis. The hand specimens were ground and 
scanned on the X-ray diffractometer in the same manner as the study samples. The figure 3.2 
below reveals consistent diffractogram patterns of galena and cerussite confirming the ICDD 
idenification of samples ERL# 80 and ERL#211 in the above diffractogram.  
 
 
Figure 3.2: Combined ERL#80 and Cerussite hand specimen diffractogram 
 
Figure 3.3: Combined ERL#211 and Galena hand specimen diffractogram 
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XRD bulk analysis was performed on all samples containing greater than 100 ppm Pb to 
verify the absence or presence of Pb-bearing crystalline phases in the samples. The list of 
samples below (See Table 3.2) is outlined in ascending order based on Pb concentrations (>100 
ppm Pb). 
 
Table 3.2: Samples containing >100 ppm Pb 
ERL sample# Type ppm Pb  
430 Sleep Area 100 
207 Sleep Area 110 
470 Sleep Area 110 
577 Sleep Area 110 
676 Dust Sample 120 
238 Sleep Area 120 
240 Sleep Area 120 
402 Play Area 130 
410 Play Area 130 
475 Play Area 130 
463 Play Area 140 
201 Sleep Area 140 
731 Sleep Area 140 
408 Play Area 150 
75 Sleep Area 150 
232 Sleep Area 150 
760 Sleep Area 150 
141 Play Area 160 
263 Play Area 160 
407 Sleep Area 160 
404 Play Area 170 
132 Sleep Area 170 
603 Sleep Area 170 
416 Play Area 180 
419 Drying Area 190 
143 Play Area 200 
67 Sleep Area 200 
266 Sleep Area 200 
239 Play Area 220 
421 Play Area 220 
158 Sleep Area 220 
203 Sleep Area 220 
481 Play Area 260 
483 Play Area 280 
456 Sleep Area 280 
61 Sleep Area 290 
262 Sleep Area 310 
685 Dust Duplicate 340 
230 Sleep Area 370 
267 Play Area 380 
145 Play Area 410 
71 Sleep Area 520 
482 Sleep Area 540 
479 Play Area 560 
250 Sleep Area 620 
212 Play Area 640 
474 Sleep Area 710 
478 Sleep Area 710 
438 Sleep Area 740 
418 Grinding Area 820 
229 Play Area 960 
457 Play Area 1100 
367 Grinding Area 1100 
417 Washing Ore 1200 
29 Room 1400 
368 Washing Area 1800 
228 Sleep Area 3000 
79 Breaking Ore 
Rocks 
11000 
211 Sleep Area 20000 
772 Mining Site- 
ground ore 
14000 x 
81 Washing Ore 34000 x 
80 Ground Ore 61000 x 
41 
 Of the 62 samples listed above, 40 samples or ~ 65% of sample set revealed Pb-bearing 
crystalline phases; with prominent presence of cerussite as well as some galena. The sample’s 
individual XRD powder diffractograms are located in Appendix B and will not be discussed in 
this study. However, the 22 samples containing >400 ppm Pb were examined through XRD 
cluster analysis discussed below.  
 XRD Cluster Analysis Results 
XRD cluster analysis’ dendrogram with an actual-cut off of 45 reveals there are three 
main clusters; C1, C2, and C3 in the set of 22 samples containing >400 ppm Pb and one outlier 
(Figure 3.4). When the automated cluster analysis is executed, each sample is assigned a number 
shown in Figure 3.4 as the first number and the ERL sample # is the second number in the series; 
cluster assigned#_ERLsample#_XRDprogram. 
 
Figure 3.4: XRD Cluster Analysis Dendrogram of samples containing >400ppm Pb 
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The automated cluster analysis in HighScore Plus also produces a 3D principle 
component analysis (PCA).  The PCA compares the peak and positions of each of the 
diffractograms exhibiting three main clusters and one outlier. Two clusters, C1 shown in blue 
and C2 shown in green are grouped on the right side of the PCA while C3 shown in gray is 
located on the left side. The outlier is located in the left central portion of the PCA. The outlier, 
sample # 772, in the dataset is confirmed by the ICP-AES data revealing a significant difference 
in the chemical composition which bares high levels of Sb, Rb, and Li. The specific results for 
each of the clusters in the PCA will be discussed in the next sections.  
 
Figure 3.5: PCA-XRD Cluster Analysis 
C3 
C2 
C1 
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3.2.1.1   XRD Cluster 1: Blue 
 
Figure 3.6: Cluster 1 Diffractograms 
 
Cluster 1 is the largest group of the clusters and is comprised of several types of sample 
types ranging in Pb concentrations. No distinct classification was determined even after 
conducting individual mineral identification on each of the diffractograms in the cluster using 
HighScore Plus with ICDD. The mineral identification varied amongst C1. There were seven 
samples comprised of low quartz, microcline, and cerussite; although, the cerussite had a low 
score of approximately 6 to 10. Only 2 samples in C1 contained galena. The remaining five 
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samples contained low quartz and microcline. Table 3.3 outlines C1’s subset information: ERL#, 
sample type, Pb concentration, and mineralogy found using XRD. 
 
Table 3.3: Cluster 1 sample data, description, and ICP-AES Pb concentration 
ERL# Type Pb (ppm) Mineralogy 
29 Sleeping Area 1400 Quartz Low, 
Cerussite,  
Feldspar 
71 Sleeping Area 520 Quartz Low, 
Cerussite,  
Microcline (max) 
145 Play Area 410 Quartz Low,  
Galena 
211 Sleeping Area 20000 Quartz Low,  
Galena,  
Microcline (ordered) 
212 Play Area 640 Quartz Low,   
Feldspar 
228 Sleeping Area 3000 Quartz Low,  
Microcline 
229 Play Area 960 Quartz Low,  
Feldspar 
250 Sleeping Area 620 Quartz Low, 
Cerussite,  
Microcline (max) 
367 Grinding Area 1100 Quartz Low, 
Cerussite 
368 Washing Area 1800 Quartz Low 
 
417 Washing Ore 1200 Quartz Low, 
Cerussite,  
Microcline (ordered) 
418 Grinding Area 820 Quartz Low, 
Cerussite,  
Microcline (ordered) 
438 Sleeping Area 740 Quartz Low,  
Feldspar 
457 Play Area 1100 Quartz Low, 
Cerussite 
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3.2.1.2      Cluster 2- Green 
 
Figure 3.7: Cluster 2 Diffractograms 
 
Cluster 2 contains only three samples and is located on the upper right side of the PCA. 
The three samples are comprised of processed ore with percentile ranges of Pb concentrations, 
from approximately 1-6% Pb. Therefore, this cluster signifies the samples with the highest 
concentrations of Pb in the dataset. Individual mineral identification on each of the 
diffractograms using HighScore Plus with ICDD revealed all three samples contain cerussite, 
PbCO3, the highest bioavailable Pb-phase. Table 3.4 outlines C2’s subset information: ERL#, 
sample type, Pb concentration, and mineralogy found using XRD. 
Table 3.4: Cluster 2 sample data, description, and ICP-AES Pb concentrations 
ERL # Type Pb (ppm) Mineralogy 
79 Breaking Ore Rocks 11000 Cerussite 
80 Ground Ore 61000 x Cerussite 
81 Washing Ore 34000 x Cerussite 
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3.2.1.3      Cluster 3- Grey 
 
Figure 3.8: Cluster 3 Diffractograms 
 
Cluster 3 is located on the left side of the PCA indicating a shift in mineralogy when 
compared to the other samples in the subset. C3 contains four samples which were taken in the 
same village indicated by the closely numbered ERL identifier. The four samples are comprised 
of dust sweeps (children’s sleeping areas and play areas) from the same village containing Pb 
concentrations between 540 ppm and 710 ppm. Individual mineral identification on each of the 
diffractograms using HighScore Plus with ICDD revealed all four samples contain cerussite, 
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PbCO3, the highest bioavailable Pb-phase although with very low semi-quantitative percentages 
ranging in low percentages of 13-16%. ERL#, sample type, Pb concentration, and mineralogy 
found using XRD. 
Table 3.5: Cluster 3 sample data, description, and ICP-AES Pb concentrations 
ERL# Type Pb (ppm) Mineralogy 
474 Sleep Area 710 Cerussite  
478 Sleep Area 710 Cerussite 
479 Childs Play Area 560 Cerussite,  
482 Sleep Area 540 Cerussite 
3.2.1.4      Not Clustered – Red 
 
Figure 3.9: Not Clustered Diffractogram 
 
The one outlier of the group is located on the left central side of the PCA. As stated in the 
previous section, the ERL# 772 outlier was verified by the ICP-AES data to contain a significant 
difference in the chemical composition bearing high levels of Sb, Rb, and Li. Individual mineral 
identification on the diffractograms using HighScore Plus with ICDD revealed low quartz. No 
other crystalline structure has been identified. Table 3.6 outlines this outlier’s information: 
ERL#, sample type, Pb concentration, and mineralogy found using XRD. 
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Table 3.6: Not Clustered sample data, description, and ICP-AES Pb concentrations 
ERL# Type Pb (ppm) Mineralogy 
772 Mining Site- 
ground ore 
14000 x Quartz low 
 XRD Cluster Analysis Limitations 
The XRD cluster analysis’s PCA is used as a screening tool to process chemical data 
based on quantitative analysis. The PCA does not categorize or classify the mineralogy into 
clusters. The cluster analysis or PCA is purely descriptive revealing similar characteristics of the 
diffractograms (profile, peaks, and position); therefore, helps aid identifying outliers for 
statistical correlations, spatial distribution, and concentration levels. 
3.3 Multivariate Statistical Analysis Results 
Before the multivariate statistical analysis could be performed a normal distribution of 
the samples was obtained in SPSS 20 by eliminating the outliers of samples >10,000 ppm Pb and 
transforming the dataset with log10 function thus improving the skewness value from 15.000 to 
1.670 (Fig. 3.10 and Table 3.7). 
 
Figure 3.10: Normal Distribution-Transform log10([Pb]<10,000 ppm) 
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Table 3.7: Statistics of normal distribution curve – transform log10([Pb]<10,000 ppm)  
 
Lead2 
N 
Valid 756 
Missing 0 
Mean 1.4588 
Median 1.4065 
Std. Deviation .37185 
Skewness 1.670 
Std. Error of Skewness .089 
 
First, the multivariate statistical analysis was performed on all the samples. Due to the 
large sample size, no outliers were excluded. This MSA analysis (see Table 3.9) identified Cu at 
0.893 and S at 0.34 to have the greatest correlation to Pb of the entire sample population. 
Table 3.8: Multivariate Statistical Analysis of all samples 
 
To verify the accuracy of the vassarstats.net online calculations, a Pearson Correlation 
Test was performed using SPSS 20 on the same set of samples using a 1-tailed significance. The 
Pearson Correlation Test generated consistent results with the multivariate statistical analysis 
performed by vassarstats.net. The * indicates a 1-tailed significance level of 0.05 (95% 
confidence interval) and the ** indicates a 1-tailed significance level of 0.01 (99% confidence 
interval).  When comparing Pb to the other constituents, significant correlation also arise with P 
at 0.127**, Fe at 0.204**, and As at 0.204**. The table below (Table 3.10) shows the Pearson 
Pb S Sb Rb P Na Mn Mg Fe Cu As
Pb 1
S 0.34 1
Sb 0.059 -0.001 1
Rb 0.007 0.008 0.852 1
P 0.127 0.29 -0.049 0.04 1
Na -0.029 0.103 -0.001 0.227 0.282 1
Mn 0.022 0.058 0.242 0.344 0.429 0.201 1
Mg -0.015 0.14 -0.045 0.182 0.466 0.455 0.57 1
Fe 0.204 0.283 -0.042 0.041 0.433 0.084 0.674 0.503 1
Cu 0.893 0.33 0.055 0.003 0.148 -0.052 0.054 0.001 0.273 1
As 0.204 0.487 0.013 -0.01 0.078 -0.05 0.009 -0.015 0.469 0.275 1
Correlation Matrix_ALL samples   Number of Variables = 12  Observations per variable = 763
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Correlation value (p-value), 1-tailed significance value, and N is the number of samples 
examined. The p-value signifies the statistical observed sample result for a particular 
significance level, i.e. = 0.01 or 99% confidence interval (Rogerson, 1990). 
Table 3.9: Pearson Correlation of all samples 
 
 Pb  S  Sb  Rb  P  Na  Mn  Mg  Fe  Cu  As   
Pb  
Pearson Correlation 1 .340** .059 .007 .126** -.030 .022 -.015 .204** .893** .204**  
Sig. (1-tailed)  .000 .052 .424 .000 .208 .270 .342 .000 .000 .000  
N 762 762 762 762 762 762 762 762 762 762 762  
S 
Pearson Correlation .340** 1 -.001 .008 .290** .103** .059 .141** .284** .330** .487**  
Sig. (1-tailed) .000  .490 .410 .000 .002 .053 .000 .000 .000 .000  
Sb 
Pearson Correlation .059 -.001 1 .853** -.049 -.001 .243** -.045 -.042 .055 .013  
Sig. (1-tailed) .052 .490  .000 .089 .489 .000 .106 .126 .064 .363  
Rb 
Pearson Correlation .007 .008 .853** 1 .041 .227** .344** .182** .040 .003 -.010  
Sig. (1-tailed) .424 .410 .000  .131 .000 .000 .000 .133 .472 .395  
P 
Pearson Correlation .126** .290** -.049 .041 1 .282** .431** .467** .434** .148** .078*  
Sig. (1-tailed) .000 .000 .089 .131  .000 .000 .000 .000 .000 .016  
Na 
Pearson Correlation -.030 .103** -.001 .227** .282** 1 .202** .456** .084** -.052 -.050  
Sig. (1-tailed) .208 .002 .489 .000 .000  .000 .000 .010 .077 .085  
Mn 
Pearson Correlation .022 .059 .243** .344** .431** .202** 1 .569** .674** .054 .009  
Sig. (1-tailed) .270 .053 .000 .000 .000 .000  .000 .000 .067 .398  
Mg 
Pearson Correlation -.015 .141** -.045 .182** .467** .456** .569** 1 .503** .001 -.015  
Sig. (1-tailed) .342 .000 .106 .000 .000 .000 .000  .000 .491 .343  
Fe 
Pearson Correlation .204** .284** -.042 .040 .434** .084** .674** .503** 1 .273** .469**  
Sig. (1-tailed) .000 .000 .126 .133 .000 .010 .000 .000  .000 .000  
Cu 
Pearson Correlation .893** .330** .055 .003 .148** -.052 .054 .001 .273** 1 .275**  
Sig. (1-tailed) .000 .000 .064 .472 .000 .077 .067 .491 .000  .000  
As 
Pearson Correlation .204** .487** .013 -.010 .078* -.050 .009 -.015 .469** .275** 1  
Sig. (1-tailed) .000 .000 .363 .395 .016 .085 .398 .343 .000 .000   
**. Correlation is significant at the 0.01 level (1-tailed). 
*. Correlation is significant at the 0.05 level (1-tailed). 
 
In addition, a multivariate statistical analysis was generated for samples >400 ppm Pb 
excluding the outlier ERL#772 discovered by the XRD cluster analysis.  Due to the small 
subsample size (n=22) which contain greater than 400ppm Pb any outliers will greatly affect the 
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results of this statistical analysis (Rogerson, 2001). The multivariate statistical analysis of 21 
samples and 12 variables (Pb, S, Sb, Rb, P, Na, Mn, Mg, Fe, Cu, As, and Al) revealed that Pb is 
actually strongly correlated with S, Sb, and Cu, moderately correlated with P and Fe, and weakly 
correlated with As (See Table 3.11 and Fig 3.11).  
Table 3.10: Multivariate Statistical Analysis 
of samples containing >400ppm Pb w.o. outlier 
 
 
 
  
Figure 3.11: Summary of Multivariate Statistical Analysis in relation to Pb 
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3.4 SEM-EDS Results 
SEM-EDS results confirm the ICP-AES analysis of samples high in Pb content. Galena 
and cerussite hand specimens were used as a control in this analysis. Note cerussite’s spectrum 
(Fig. 3.13) does not reveal S and galena’s spectrum (Fig 3.15) does.  
 
Figure 3.12: SEM Cerussite specimen 
  
Figure 3.13: SEM spectra-Cerussite specimen 
 
 
 
Figure 3.14: SEM Galena specimen 
 
 
 
 
Figure 3.15: SEM spectra- Galena specimen 
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The purpose for mining was validated through the presence of gold, Au, discovered by 
the SEM-EDS along with the presence of Pb for ground ore sample ERL#80 (~61,000 ppm Pb).   
 
Figure 3.16: SEM ERL#80 ground ore  
(61,000 ppm Pb) 
 
 
Figure 3.17: SEM spectra ERL #80 ground ore 
 (61,000 ppm Pb) 
The presence of S was identified by SEM-EDS analysis for washing ore sample ERL# 81 
(~34,000 ppm Pb) indicating the presence of galena, however, cerussite was identified in the 
XRD mineral identification.  
 
Figure 3.18: SEM ERL# 81 washing ore  
(34,000 ppm Pb) 
 
 
 
 
Figure 3.19: SEM spectra ERL# 81 washing ore 
(34,000 ppm Pb) 
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Furthermore, breaking ore sample ERL#79 (11,000 ppm) contains cerussite according to 
XRD analysis which was proven in SEM-EDS analysis with the absence of S in the spectra. 
 
Figure 3.20: SEM ERL#79 breaking ore 
(~11,000 ppm Pb) 
 
 
Figure 3.21: SEM spectra ERL#79 breaking ore  
(~11,000 ppm Pb) 
In the high concentration level children’s dust sweep ERL#211 (20,000ppm Pb) there 
was no discovery of Pb content through SEM-EDS, where XRD identified galena, PbS.  
 
Figure 3.22: SEM ERL#211 sleeping area 
(~20,000 ppm Pb) 
 
 
 
Figure 3.23: SEM spectra ERL#211 sleeping area 
(~20,000 ppm Pb) 
 
 
Usually samples containing Pb concentrations <10,000 ppm result in little to no presence 
of Pb in SEM-EDS, although, washing ore sample ERL#368 (1800 ppm Pb) containing less than 
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10,000ppm Pb did show Pb in the SEM-EDS spectra as well as an absence of S indicating 
cerussite is present. The presence of Pb-phase in the ~1,800 ppm Pb was not identified on XRD, 
this is a surprising discovery in such that this single grain contained Pb.  
 
Figure 3.24: SEM ERL#368 washing ore 
(~1,800 ppm Pb) 
 
 
 
Figure 3.25: SEM spectra ERL#368 washing ore  
(~1,800 ppm Pb) 
 
 The outlier, ground ore ERL#772, of the 22 samples containing >400 ppm Pb revealed 
Pb, S, Sb, Fe, and As in the SEM-EDS analysis. However, Pb-phase was not identified in XRD. 
 
Figure 3.26: SEM ERL#772 ground ore  
(~14,000 ppm Pb) 
 
 
 
Figure 3.27: SEM spectra ERL#772 ground ore 
 (~14,000 ppm Pb) 
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3.5 GIS: EBK Results 
The GIS Geostatistical Empirical Bayesian Kriging (EBK) analysis was observed 
visually as well as compared to a multivariate statistical analysis of each sample type depending 
on the map at hand. The two types of maps produced are Sleeping Area and Play Area and will 
be presented first without comparison and then are compared and contrasted to the multivariate 
statistical later in this section. The Sleeping Area Pb map (Fig.3.27) reveals high [Pb] as high as 
20,000ppm surrounding Kaura Namoda in the northern central area of Zamfara State. The Play 
Area map (Fig. 3.28) has overall lower Pb concentrations than the Sleeping Area samples. The 
highest concentration of Pb in Play Area samples is 1,100 ppm. The kriging pattern for the Pb 
Play Area map is dispersed throughout the state with no defined prediction or centralized 
location. 
 
Figure 3.28 Pb GIS Kriging prediction (sleeping 
area) 
 
 
Figure 3.29 Pb GIS Kriging prediction (play area) 
 
 
57 
 
Figure 3.30: Lead Kriging map 
(sleeping area)  
  
 
Figure 3.31: Copper Kriging map 
(sleeping area)  
 
 
Figure 3.32: Sulfur Kriging map 
(sleeping area)  
 
 
Figure 3.33: Manganese Kriging 
map (sleeping area)  
 
 
Figure 3.34:Antimony Kriging 
map (sleeping area)  
 
 
Figure 3.35: Rubidium Kriging 
map (sleeping area)  
 
 
Figure 3.36: Phosphorus Kriging 
map (sleeping area)  
 
 
Figure 3.37: Iron Kriging map 
(sleeping area)  
 
 
Figure 3.38: Arsenic Kriging map 
(sleeping area)  
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Figure 3.39: Lead GIS Kriging 
map (sleeping area) 
 
Figure 3.40: Sulfur GIS Kriging 
map (sleeping area) 
 
Figure 3.41: Copper GIS Kriging 
map (sleeping area) 
 
Figure 3.42: Manganese GIS 
Kriging map (sleeping area) 
 
Figure 3.43: Antimony GIS 
Kriging map (sleeping area) 
 
Figure 3.44: Rubidium GIS 
Kriging map (sleeping area) 
 
Figure 3.45: Phosphorus GIS 
Kriging map (sleeping area) 
 
Figure 3.46: Iron GIS Kriging 
map (sleeping area) 
 
Figure 3.47: Arsenic GIS Kriging 
map (sleeping area) 
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 EBK Sleeping Area Maps 
The Sulfur kriging map seems to be visually correlated to Pb in the kriging geostatistical analysis indicating a potential hotspot 
in the NE region of Zamfara for hydrothermal metal sulfide deposits. The polymetallic formations found in this hotspot are likely 
more of a high risk for Pb exposure in the form of galena (PbS) in the northern central area of Zamfara State. The multivariate 
statistical analysis confirms the correlation with S 
and Pb. 
Table 3.11: Multivariate Statistical Analysis of sleeping area dust sweeps 
Pb S Sb Rb P Mn Fe Cu As
Pb 1
S 0.233 1
Sb 0.006 0.074 1
Rb 0.038 0.09 0.025 1
P 0 0.009 0.005 -0.057 1
Mn 0.015 0.035 0.108 0.171 -0.066 1
Fe -0.005 0.002 0.035 0.1 0.03 0.779 1
Cu -0.002 0.022 0.022 0.006 -0.017 0.091 0.083 1
As -0.011 0.01 0.022 0.021 -0.072 0.197 0.178 0.031 1
Correlation Matrix_Sleeping Areas
  Number of Variables = 9
  Observations per variable = 371
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Figure 3.49: Pb Kriging map (sleeping area) 
Figure 3.48: Sulfur Kriging 
map (sleeping area) 
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Rb, Mn, and As are very weakly correlated to Pb according to multivariate and kriging geostatistical analysis. The prediction 
patterns in the Rb, Mn, and As Kriging map appear to be opposite of the Pb Kriging map. 
Figure 3.53: Pb GIS Kriging map (sleeping area) 
 
Figure 3.52: Rubidium 
Kriging map (sleeping 
area) 
 
Figure 3.51: Manganese 
Kriging map (sleeping 
area) 
 
Figure 3.50: Arsenic 
Kriging map (sleeping 
area) 
 
Table 3.12: Multivariate Statistical Analysis of sleeping area dust sweeps 
Pb S Sb Rb P Mn Fe Cu As
Pb 1
S 0.233 1
Sb 0.006 0.074 1
Rb 0.038 0.09 0.025 1
P 0 0.009 0.005 -0.057 1
Mn 0.015 0.035 0.108 0.171 -0.066 1
Fe -0.005 0.002 0.035 0.1 0.03 0.779 1
Cu -0.002 0.022 0.022 0.006 -0.017 0.091 0.083 1
As -0.011 0.01 0.022 0.021 -0.072 0.197 0.178 0.031 1
Correlation Matrix_Sleeping Areas
  Number of Variables = 9
  Observations per variable = 371
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 Sb, Fe, and Cu have little to no correlation to Pb according to multivariate (Table 3.13) and kriging geostatistical analysis 
(Fig’s. 3.53, 3.54, 3.55, 3.56). However, when only comparing the samples >400 ppm Pb the multivariate correlation of Pb vs Cu and 
Pb vs S are found to be strong (Table 3.8). The Fe Kriging pattern has some elevated levels in the NE region, Nigeria; however, the 
highest concentration levels of Fe appear in the western limb of Zamfara State. 
  
Figure 3.57: Pb GIS Kriging map (sleeping area) 
 
 
Figure 3.56: Antimony GIS 
Kriging map (sleeping area) 
 
Figure 3.54: Iron GIS 
Kriging map (sleeping area) 
 
Figure 3.55: Copper GIS 
Kriging map (sleeping area) 
 
Table 3.13: Multivariate Statistical Analysis of sleeping area dust sweeps 
Pb S Sb Rb P Mn Fe Cu As
Pb 1
S 0.139 1
Sb 0.123 0.203 1
Rb 0.072 0.127 -0.343 1
P -0.037 0.087 0.057 -0.077 1
Mn 0.059 0.205 0.23 0.177 0 1
Fe 0.047 0.192 0.263 0.112 0.051 0.803 1
Cu 0.200 0.324 0.338 0.11 0.021 0.598 0.624 1
As 0.087 0.066 0.195 0.017 -0.037 0.239 0.208 0.36 1
  Observations per variable = 371
Correlation Matrix_Play Areas
  Number of Variables = 9
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GIS Geostatistical Kriging maps and multivariate statistical analysis reveals no correlation between Pb and P concentration 
prediction patterns across the geographic area.  
Figure 3.59: Pb GIS Kriging map (sleeping area) 
 
 
Table 3.14: Multivariate Statistical Analysis of sleeping area dust sweeps 
Figure 3.58: Phosphorus GIS 
Kriging map (sleeping area) 
 
Pb S Sb Rb P Mn Fe Cu As
Pb 1
S 0.139 1
Sb 0.123 0.203 1
Rb 0.072 0.127 -0.343 1
P -0.037 0.087 0.057 -0.077 1
Mn 0.059 0.205 0.23 0.177 0 1
Fe 0.047 0.192 0.263 0.112 0.051 0.803 1
Cu 0.200 0.324 0.338 0.11 0.021 0.598 0.624 1
As 0.087 0.066 0.195 0.017 -0.037 0.239 0.208 0.36 1
  Observations per variable = 371
Correlation Matrix_Play Areas
  Number of Variables = 9
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Figure 3.60: Copper GIS 
Kriging map (play area) 
 EBK Play Area Maps 
Next, GIS EBK was conducted on children’s play area dust sweeps. The spatial geochemical prediction of the play area 
samples is not as defined as the sleeping area prediction maps possibly due to the lower Pb concentrations. The play area Pb kriging 
map and multivariate statistical analysis reveals Pb has a correlation to S, Cu, and Sb to be discussed at the end of the section.  
 
Figure 3.63: Pb GIS Kriging map (play area) 
Figure 3.61: Sulfur GIS 
Kriging map (play area) 
Figure 3.62: Antimony GIS 
i i   l   
Table 3.15: Multivariate Statistical Analysis of play area dust sweeps 
Pb S Sb Rb P Mn Fe Cu As
Pb 1
S 0.139 1
Sb 0.123 0.203 1
Rb 0.072 0.127 -0.343 1
P -0.037 0.087 0.057 -0.077 1
Mn 0.059 0.205 0.23 0.177 0 1
Fe 0.047 0.192 0.263 0.112 0.051 0.803 1
Cu 0.200 0.324 0.338 0.11 0.021 0.598 0.624 1
As 0.087 0.066 0.195 0.017 -0.037 0.239 0.208 0.36 1
  Observations per variable = 371
Correlation Matrix_Play Areas
  Number of Variables = 9
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 The play area GIS Geostatistical Kriging maps of As and Rb and multivariate statistical analysis reveals little to no correlation 
when compared to the Pb kriging play area map.
Table 3.16: Multivariate Statistical Analysis of play area dust sweeps 
 
Figure 3.64: Pb GIS Kriging map (play area) 
 
Figure 3.66: Arsenic GIS 
Kriging map (play area) 
 
Figure 3.65: Rubidium GIS 
Kriging map (play area) 
 
Pb S Sb Rb P Mn Fe Cu As
Pb 1
S 0.139 1
Sb 0.123 0.203 1
Rb 0.072 0.127 -0.343 1
P -0.037 0.087 0.057 -0.077 1
Mn 0.059 0.205 0.23 0.177 0 1
Fe 0.047 0.192 0.263 0.112 0.051 0.803 1
Cu 0.200 0.324 0.338 0.11 0.021 0.598 0.624 1
As 0.087 0.066 0.195 0.017 -0.037 0.239 0.208 0.36 1
  Observations per variable = 371
Correlation Matrix_Play Areas
  Number of Variables = 9
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The play area GIS Geostatistical Kriging maps of Mn, P, and Fe and multivariate statistical analysis reveals little to no 
correlation when compared to the Pb play area kriging map. However, the Mn, P, and Fe have similar spatial patterns to one another.
Table 3.17: Multivariate Statistical Analysis of play area dust sweeps 
Figure 3.69: Pb GIS Kriging map (play area) Figure 3.67: Manganese GIS 
Kriging map (play area) 
Figure 3.68: Phosphorus 
GIS Kriging map (play area) 
Figure 3.70: Iron GIS 
Kriging map (play area) 
Pb S Sb Rb P Mn Fe Cu As
Pb 1
S 0.139 1
Sb 0.123 0.203 1
Rb 0.072 0.127 -0.343 1
P -0.037 0.087 0.057 -0.077 1
Mn 0.059 0.205 0.23 0.177 0 1
Fe 0.047 0.192 0.263 0.112 0.051 0.803 1
Cu 0.200 0.324 0.338 0.11 0.021 0.598 0.624 1
As 0.087 0.066 0.195 0.017 -0.037 0.239 0.208 0.36 1
  Observations per variable = 371
Correlation Matrix_Play Areas
  Number of Variables = 9
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 GIS EBK Discussion 
Overall, the two types of Pb maps revealed differing spatial correlations; where the 
sleeping area had high Pb concentrations centralized around Kaura Namoda and the play area 
high Pb concentrations were more dispersed across the Zamfara State. The sleeping area Pb map 
had the highest correlation to S and the Pb play area map had the highest correlations to Cu, S, 
and Sb. This suggests mineralogy of chalcopyrite (CuFeS2), a copper iron sulfide mineral, to be 
dispersed across the region, also revealed in the first batch of CDC samples (Plumlee, 2013). 
 GIS: EBK Limitations 
There are 3 main limitations to the EBK method, which include the calculated 
parameters, number of locations/samples, and distribution of the samples. One limitation being 
the automated calculation of the parameters doesn’t let you to adjust any individual parameters 
and only allows to you choose max, min, or average settings. In this case, there were several 
samples with the same lat/long coordinates and their average was taken for the kriging prediction 
value at that location. Another limitation of the EBK method is the number of latitude and 
longitudinal points (i.e. the number of locations) is very important for kriging. The more points 
or locations you have the more accurate the kriging prediction you have because the surface is 
primarily based upon the actual known values for each location. Not only is it important to have 
a large set of points, it is important to have a good distribution across the geographical region. 
The distribution of sample locations is lacking in the northern and south-western regions of 
Zamfara, therefore the prediction error will be higher in that area. 
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3.6 Carbonate Combustion Analysis Results 
Carbonate combustion of samples containing >100 ppm Pb results reveal TIC ranging from 0.1 to 4.4 wt%. The highest TIC 
percentage sample is ERL#577, sleeping area dust sweep, containing 4.4 wt% TIC exceeding the calculated expected values of TIC or 
carbonate (0.4 wt% C to 3 wt% C in cerussite, PbCO3). 
 
Figure 3.71: Percent Carbon in NW Nigerian sample >100 ppm Pb 
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Correlation tests revealed that there is little to no correlation between Pb and TIC 
resulting in an r2 value of 0.0105.   
 
Figure 3.72: Correlation between Pb and TIC for samples >400 ppm Pb 
 
 Correlation test for only samples containing cerussite still revealed no correlation. 
Although no significant correlation can be confirmed, the negative trending line between Pb and 
TIC is surprising suggesting that samples with low-carbonate may still contain Pb-carbonate. In 
addition, calcium carbonate is presumably more abundant than Pb carbonate in these soils and 
would not be predicted to covary with cerussite within village dust samples possibly exhibiting 
some combination of soil-forming process, or perhaps post-mining processing.  
 
Figure 3.73: Correlation between Pb and TIC for samples containing cerussite 
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4 CONCLUSIONS 
The ICP-AES geochemical analysis measured concentrations levels as high as 6 wt. % of 
Pb as well as high levels of Cu, As, and Sb in the region. The calculated background Pb 
concentrations were approximately 24 ppm. Only 3% of the total sample population was above 
the US EPA’s RSSL of Pb (400 ppm) implying that either mining activities have decreased or 
the locations of the mining activities have been moved to the outskirts of village compounds. 
Main sources for high Pb levels were found predominately in processed ore (highest 
concentration ~6.1 wt. % Pb) as well as sleeping area dust sweeps (highest concentration ~2.0 
wt. % Pb).  
The presence of cerussite identified by XRD analysis provides a probable explanation for 
the Pb poisoning and could be the primary source of Pb in the mining villages. As a carbonate 
mineral, cerussite is easily dissolved in biological fluids; hence, the Pb is readily bioavailable 
(MSF, 2012; Plumlee, 2013). Inhalation and/or ingestion of either cerussitic dust or 
amalgamation products are likely the Pb exposure pathways. The XRD cluster analysis identified 
three main clusters and one outlier within the subgroup of samples containing >400 ppm Pb. All 
the samples in this >400 ppm Pb subgroup contained evidence of cerussite, even if in lower 
amounts. According to Konig et al., (2010) the positioning of these clusters indicates shifts in 
mineralogy as well as the grade and even the locality of the ore. Therefore, the implications of 
the positioning of Cluster 1 and Cluster 2 indicate a shift in ore grade where Cluster 3 (located on 
the other side of the PCA) indicates a different locality from the other samples within Cl and C2.  
The multivariate statistical analysis of all 763 samples indicated that the strongest 
correlations to Pb were Cu and S. The samples were then conservatively restricted only using 
samples containing >400 ppm Pb: 21 samples excluding the outlier. This multivariate statistical 
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correlation (>400 ppm Pb) revealed that Pb is even more correlated to S at 0.79 suggesting there 
is a presence of galena on the contrary to what XRD revealed; mainly cerussite was identified 
through XRD identification. Furthermore, when applying the LECO analysis inorganic carbon 
wt. % to the ICP-AES Pb concentrations there was unexpectedly no significant relationship 
between the two variables. No correlation was found when examining only cerussitic samples as 
well.   
Although the carbonate (TIC) results from XRD analysis were not confirmed by the 
carbonate combustion analysis, this does not indicate an absence of cerussite availability in the 
environment. There are many factors that may contribute to the depletion of carbonate material 
in the samples leaving the Pb concentrations in abundance. For instance, the reaction of sulfides 
and water result in acid waste products accelerating the dissolution of carbonate material 
associated with the ore (Vaughn, 2006). The reaction can further initiate toxic heavy metals to be 
released into the environment accelerating the damage and health concerns (Vaughn, 2006) 
much like the processes in acid mine drainage. Nonetheless, the environment is not so acidic that 
cerussite transforms into angelsite, PbSO4. Another explanation could be the size fraction of the 
cerussite. For example, a Scottish mining area XRD study discovered that cerussite was able to 
be identified in a large range of size fractions (primarily in sizes fraction 200 to 6µm) and the 
detection limit for cerussite was found to be 0.2 wt. % in the random powdered sample where 
detection limits for other Pb phases were in the tenth of wt. % (Hillier, 2000). Not only does this 
finding support the results in this study but it is an important factor to consider when testing for 
in-situ Pb concentrations using XRF for instance. The Pb concentration does not need to be 
exceedingly high to contain cerussite, the most bioavailable of all Pb-phases.  
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Another significant finding was the SEM-EDS detection of Au, Pb, and S as well as the 
absence of S in some of the Pb bearing samples. The gold detection indicates the miners are still 
uncovering gold in their mining efforts. The Pb in presence of S implies the presence of galena 
as well as the absence of S indicates cerussitic mineralogy. Additionally, GIS Geostatistical 
Empirical Bayesian Kriging predictions indicate that galena as the prominent Pb-bearing mineral 
in the central northern region of Zamfara State and are illustrated by the GIS Geostatistical 
sleeping area maps. Furthermore, these gold deposits and sulfide discoveries suggest that a wide-
range of hydrothermal alteration has occurred in the region (Vaughan, 2006); especially with the 
presence of high levels of heavy metals, in particular Pb. 
Although the majority of the samples have acceptable Pb concentration levels (<400 ppm 
Pb according to U.S. EPA RSSL), it is noteworthy to mention that even chronic low-level Pb 
exposure can have a major effect on young children and pregnant women (ATSDR, 2012). For 
instance, the reference range value for Blood Lead Level (BLL) for children is ˃5 µg/dl or 50 
ppb (CDC, 2013). This is a significantly low amount especially when you convert the number to 
ppm; conversion of 50 ppb to ppm is 0.05 ppm. Therefore, the background level of Pb in the area 
is almost 500x the reference blood level. Pb exposure is especially toxic to human health when 
dealing with Pb-carbonate phase, cerussite, due to its high bioavailability as well as the 
environment in which the children sleep and play in. Factors such as “incidental ingestion rates” 
have a large impact on the Pb exposure (TerraGraphics, 2011). According to the TerraGraphics 
report submitted to UNICEF in 2011, the Pb uptake of children in northwestern Nigeria is more 
than 100 times the calculated allowable U.S. Pb uptake resulting in BLL levels exceeding 70 
µg/dl. The high Pb intake rate is assumed due to the dirt floored homes and no running water for 
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bathing or washing and is calculated based on the 400 ppm RSSL calculation in relation to the 
30% absorption rate (TerraGraphics, 2011; U.S. EPA, 2011).  
Understanding and determining the actual formation of the Pb-phases was limited 
because the ERL did not receive any samples of unprocessed ore. Nonetheless, of all the diverse 
sets of phases of Pb-bearing minerals, a probable explanation for the extreme outbreak of lead 
poisoning in young children in this case is due to the cerussite, a secondary product of 
weathering and alteration of galena that is found in the region. When galena’s surface is exposed, 
oxidation occurs forming cerussite in the semi-arid to arid climate; rather than weathering to 
sulfate, anglesite, in the presence of water (Brauns, 1912). On the other hand, the weathering of 
galena could initially be forming anglesite and then progressively transforming into cerussite 
under semi-arid conditions (Root, et al, 2015). Brauns also states that sometimes cerussite is 
dispersed through the ore operating as a cement in the cavities of quartz veins. Therefore, the 
gold deposits within the quartz veins are extracted out along with the cerussitic composition 
which is then processed exposing the people to hazardous Pb dust. Exposure to dust produced by 
the grinding of the ore rock subjects the children to the highly bio-accessible cerussite. This 
study found that Pb concentrations in the dust sweeps of children’s sleeping areas are slightly 
more elevated than the dust sweeps from children’s play areas. Theoretical reasoning for this 
finding is the lack of knowledge and safety occurring throughout the mining process particularly 
when the miners enter into the home with ore dust debris on their clothing which could result in 
potential accumulation of Pb contamination and chronic exposure. A recent study that was 
conducted in Zawaye, Zamfara State, northwestern Nigeria reported approximately, 7.5% of 
miners wear their clothes back home and 7.2% also bring their tools (Getso et al., 2014). 
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Accumulation over a short period of time can expose the family affecting the most vulnerable, 
young children under the age of 5 as well as pregnant women. 
Another factor to consider in the region is the pH value of the water was found to be at 
6.34 (Udiba, et al, 2013). The slightly acidic environment is a still a safe haven for the cerussitic 
dust as long as the pH remains between ~4.5 to ~8.8. Therefore, the pH is of immense 
importance to speciation of the Pb-phases shown in the Fig below.  
 
Figure 4.1: Eh-pH diagram for Pb-phases_conclusions 
 
In addition, it is important to note because under acidic conditions Pb sticks to the surface 
of soils and can enter the drinking water (Udiba, et al., 2013) further putting the people of 
Zamfara at risk in the future.  
                                                 
 http://nepis.epa.gov/Adobe/PDF/60000N76.pdf 
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4.1 Significance and Impacts of Research Findings  
These results provide a key step in understanding the impacts and health risks associated 
with gold ore processing in Nigerian villages. The significance and impact of the research 
conducted in this study can be applied to the understanding of the overall geochemical makeup 
and mineralogy as well as remediation efforts, education, and health assessments in this 
particular area and possibly worldwide. In addition, this goal of this study was aimed to continue 
the discussion and research performed by CDC teams and Nigerian Colleagues to help prevent or 
control the epidemic of lead poisoning in humans, especially children and pregnant women, as 
well as the contamination in the mining villages of northwestern Nigeria and similar 
environments around the world. For instance, a 2011 survey from the Journal of Health and 
Pollution worldwide childhood lead exposure found additional mine-related exposures occurring 
in two mining areas in Brazil (Clune et al., 2011). If the correlation between the mineralogy and 
environmental conditions of this area can be determined, workers in areas similar to Nigeria will 
have a better understanding of what safety precautions are necessary when undergoing mining 
processes of this nature. 
Examining the Nigerian samples for the different lead phase minerals through XRD and 
SEM and determining the IC from Leco analysis provides a key step in understanding the risks 
associated with gold ore processing in this area. In addition, the GIS kriging maps illustrate the 
distribution predictions of the heavy metals in particular Pb and S revealing areas most at risk for 
Pb exposure. Determining the elemental and mineralogical patterns and trends of multi-phase 
Pb-bearing areas with the help of illustrations and modeling, this study aims to strengthen health 
officials and environmental remediation effort teams of Pb poisoning and contamination that is a 
threat to children worldwide. 
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4.2 Future Work 
Further work to be considered is mapping the PCA clusters using GIS, investigating 
correlations between climatic factors (i.e. wind, precipitation, pH, etc.) and areas containing high 
levels of cerussitic dust, and comparing maps of the reported Pb-exposure with the Kriging 
maps. The first consideration for further research is mapping the PCA cluster using GIS’s 
Geostatistical Tool Similarity Source where attributes from the PCA can be compared spatially. 
By mapping the sample within each cluster it will help determine the validity of the XRD cluster 
analysis’ PCA spatial distribution of the Pb exposure as well as identify the locale of the clusters 
and higher concentration or grade of the Pb deposits. The PCA mapping should be conducted 
using the ERL# lat/long coordinates, ICP-AES data, and the cluster color. The next consideration 
for further research is investigating the wind direction and precipitation patterns of the region to 
determine if there is a correlation between climatic factors and Pb-exposure. Another angle to 
investigate is the actual reported and mapped Pb-exposure cases in comparison to the kriging 
maps generated in this study to examine if any correlations arise in the region.  
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APPENDICES  
Appendix A: ICP-AES dataset  
ERL 
Sample 
# 
Pb 
220.353 
S 
181.972 
Sb 
206.834 
Rb 
780.026 
P 
213.618 
Mn 
257.610 
Mg 
383.829 
Fe 
273.358 
Cu 
327.395 
As 
188.980 
Descrip 
1 30 419 0 120 770 288 2200 9900 8.2 4 Sleep 
2 27 185 -0.4 130 520 253 1300 8100 6.1 2.1 Play 
3 23 145 -2 130 170 141 580 6200 3 -0.03 Sleep 
4 22 334 -0.7 110 510 274 1500 8200 6.5 1.4 Play 
5 21 77.9 -0.6 95 230 303 800 9200 4.4 2.4 Sleep 
6 31 834 -0.7 110 420 325 1300 9000 5.8 3 Play 
7 25 172 -0.7 150 340 267 940 8600 3.8 2.5 Sleep 
8 29 492 -1.1 140 540 324 1500 16000 6.4 3.7 Play 
9 30 335 0.3 51 430 633 2010 31000 18 3.8 Sleep 
10 53 680 -1 44 960 422 2300 13000 12 1.9 Play 
11 20 356 -0.4 65 860 356 3100 13000 8.8 2.1 Sleep 
12 24 328 -0.4 74 570 440 3700 13000 7.8 3.1 Play 
13 24 464 -0.4 74 560 385 2700 13000 11 2.8 Sleep 
14 27 224 0 60 460 448 2000 14000 9.9 4.6 Play 
15 28 180 -1.3 68 370 494 1800 16000 9.4 2 Sleep 
16 22 269 -0.8 58 530 452 2300 14100 9.9 4.2 Play 
17 36 423 0.2 56 550 381 2600 13000 10 1.8 Sleep 
18 29 279 -0.5 58 470 605 2100 17000 13 2.5 Play 
19 42 404 -0.8 100 1100 417 6800 22000 10 1.7 Sleep 
20 22 677 -0.7 60 450 486 2400 14000 11 2.8 Play 
21 40 1060 -0.5 52 1000 385 2800 12000 16 3.4 Sleep 
22 18 1020 -0.7 50 1600 339 3400 9100 15 2.3 Play 
23 58 1070 3.2 63 540 263 2000 8200 13 3.8 Sleep 
24 30 826 -0.5 62 620 210 2100 8400 54 3.1 Play 
25 36 773 1 55 530 183 1500 7300 12 1.7 Sleep 
26 29 278 -0.6 59 320 171 1000 11000 5.7 2.1 Play 
27 28 836 0.9 46 480 163 1400 9100 10 1 Sleep 
28 25 580 -0.6 74 380 155 1100 7800 4.8 1.5 Play 
29 1400 2130 1.3 55 830 157 2100 8800 13 0.88 Sleep 
30 37 1860 0.6 57 790 174 1510 13000 7.9 1.7 Play 
31 57 790 0.5 60 360 120 2200 6700 11 -0.9 Sleep 
32 24 157 0.5 77 150 159 800 6100 3.3 -0.17 Play 
33 34 223 -2 48 340 591 1400 27000 22 2.2 Sleep 
34 29 10300 1 63 690 248 3500 8100 12 -0.57 Sleep 
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ERL 
Sample 
# 
Pb 
220.353 
S 
181.972 
Sb 
206.834 
Rb 
780.026 
P 
213.618 
Mn 
257.610 
Mg 
383.829 
Fe 
273.358 
Cu 
327.395 
As 
188.980 
Descrip 
35 44 665 0.1 64 440 273 1600 8800 8.6 0.79 Play 
36 19 119 0 67 320 368 1900 13000 9.2 1.2 Sleep 
37 15 71.1 0.7 49 170 233 940 7600 5.1 0.44 Play 
38 19 104 0 67 140 251 1400 9300 6.7 2.1 Sleep 
39 18 99.8 -1.1 70 140 193 1400 9100 6.6 1.4 Play 
40 17 381 0.5 57 500 177 1400 7400 7.1 0.37 Sleep 
41 17 377 0.1 54 490 164 1200 9300 6.8 1.2 Play 
42 14 90 0.5 48 200 216 880 6800 6.3 1.3 Sleep 
43 19 287 0.9 52 450 185 1400 6900 6.6 -0.01 Play 
44 20 603 1.1 46 610 177 1300 6010 7.5 1.5 Play 
45 17 506 0.1 47 340 154 1100 5300 4.6 -0.22 Sleep 
46 17 365 0.4 59 530 220 1800 9000 9.1 1.1 Sleep 
47 20 298 -1.3 49 540 191 1700 7600 7.8 1.4 Play 
48 38 128 0.1 60 290 149 840 5200 4.1 -0.58 Play 
49 16 62.7 -0.4 54 150 193 900 6900 5 2.5 Sleep 
50 15 -2.9 0.4 52 51 135 470 5300 2.9 -0.31 Ore -
Solid 
51 39 596 -0.4 91 500 278 2710 17000 14 3.3 Sleep 
52 31 72.3 -1.3 85 280 215 990 12000 11 2.3 Play 
53 34 476 -0.2 94 670 185 1800 14000 10 3.6 Sleep 
54 41 498 0.6 96 640 308 2310 24000 13 4 Play 
55 31 425 -2.1 83 520 211 1600 18000 9.7 3.7 Sleep 
56 28 315 -1.3 97 340 175 1800 12000 8.2 3.3 Play 
57 52 446 -0.8 100 530 245 2400 13000 9 5.3 Sleep 
58 45 47.9 -2 170 120 143 1300 14000 5.8 1.6 Play 
59 32 486 -2 80 480 262 1400 11000 6.3 2.9 Sleep 
60 49 650 -0.8 88 460 218 2200 12000 11 4 Play 
61 290 745 -1.7 72 710 238 1700 15000 9.1 4.5 Sleep 
62 27 631 -1 87 770 283 2700 18000 14 2.6 Play 
63 28 433 -1.6 80 570 252 2200 17000 10 2.9 Sleep 
64 28 586 -1 96 1100 281 3500 19000 13 3.8 Play 
65 82 1100 87.4 110 930 442 5510 12000 13 3 Sleep 
66 29 197 -1.8 110 0 499 5900 11000 8 4.2 Play 
67 200 409 11.7 78 660 224 1600 8800 9.1 6.6 Sleep 
68 26 141 -0.7 93 190 176 880 6900 3.7 4 Play 
69 42 896 1.2 74 260 171 1600 7100 8.1 2.1 Sleep 
70 31 520 -1.2 80 260 234 1100 8300 13 3.2 Play 
71 520 1060 0.7 82 640 233 1800 9200 9.1 3.7 Sleep 
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72 58 1180 -0.4 88 500 237 1800 9000 7.9 4.2 Play 
73 47 573 2 63 430 219 1600 7700 8.7 2.5 Sleep 
74 32 354 -0.5 69 420 252 1500 8400 5.9 1.6 Play 
75 150 849 5 74 390 239 1400 8600 46 2.5 Sleep 
76 99 432 -1.3 73 250 194 1100 7100 4.4 3.5 Play 
77 80 424 0.2 78 340 189 2700 7700 6.3 3.3 Sleep 
78 50 351 -0.5 74 340 209 1500 8400 7.6 2.8 Play 
79 11000 902 10.9 23 320 63.7 820 9410 580 2.3 Ore -
Solid 
80 61000 3270 373 110 1300 380 1100 32000 1500 210 Ore -
Ground 
81 34000 3800 174 16 640 303 1000 26000 1100 81 Ore -
Washing 
82 23 678 -0.6 78 680 214 2600 9400 8.4 3 Sleep 
83 20 483 -0.9 90 420 225 2200 9600 7.1 3.2 Play 
84 120 289 -0.3 110 210 232 1900 9200 7.5 3.6 Sleep 
85 83 377 -0.7 100 260 216 2100 9100 8.7 4 Play 
86 20 300 -1.5 96 390 285 2700 12000 8.2 4.9 Sleep 
87 23 274 -2.1 130 440 326 2710 15000 9.5 3.8 Play 
88 480 353 -0.5 71 270 216 1900 8900 8 4.7 Sleep 
89 38 144 -0.7 90 240 227 1600 10100 7.4 5.2 Play 
90 18 214 -2.2 100 330 290 2200 12000 8.5 4.4 Sleep 
91 42 225 -2.1 110 340 255 2210 11000 8.4 3.9 Play 
92 28 248 -1.1 87 280 213 1700 9600 6.9 2.4 Sleep 
93 21 40.9 -1.6 110 180 225 1400 10000 5.8 3.9 Play 
94 17 266 -1.6 92 320 347 2710 13000 9.2 3.7 Sleep 
95 16 206 -0.3 95 290 260 2300 12000 7.6 3.3 Play 
96 39 919 1.2 53 720 284 2300 12000 13 2.1 Sleep 
97 36 818 1 50 760 305 1800 12000 10 2.7 Play 
98 38 596 2 50 380 319 1700 13000 11 2.3 Sleep 
99 16 476 1 42 250 201 1200 9800 7.4 2 Play 
100 49 462 0.1 80 380 353 1700 11000 11 2.3 Sleep 
101 26 500 0.8 82 420 388 1400 13000 10 4.9 Play 
102 22 10600 1.3 84 370 224 3800 8900 8.5 2 Sleep 
103 26 493 1.3 73 260 497 1400 21000 14 4.3 Play 
104 58 359 0.8 39 410 213 1100 7810 7 2.6 Sleep 
105 12 149 0.7 37 160 397 970 14000 7.9 2.9 Play 
106 63 574 1.2 44 370 341 1700 16000 17 3.2 Sleep 
107 23 210 0.9 52 270 533 1200 23000 15 3.7 Play 
108 28 571 2.9 53 470 259 1700 11000 15 2.9 Sleep 
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109 21 317 0.7 68 240 285 1300 11000 9 2.3 Play 
110 17 168 1 36 180 176 900 8500 7.2 0.98 Sleep 
111 19 310 0.5 38 170 259 960 15000 10 3.4 Play 
112 15 111 0.2 39 180 217 800 8300 7.1 1.6 Sleep 
113 13 104 0.2 32 160 175 710 7600 9.3 3 Play 
114 17 199 0 38 220 403 1010 11000 7.5 2.3 Sleep 
115 13 280 0.7 40 180 256 1210 9000 8 3 Play 
116 12 455 0.5 41 240 211 1300 10100 9.6 2.2 Sleep 
117 13 411 1 40 250 187 1100 11000 8.1 1.9 Play 
118 16 678 0 40 560 180 2700 8000 9.7 2.8 Sleep 
119 25 174 0.4 35 140 135 800 6000 6.2 3.9 Play 
120 28 145 0.2 34 220 220 730 8610 6.2 1.7 Sleep 
121 34 196 0.2 38 240 188 930 7600 6.9 2.1 Play 
122 12 128 0.1 37 120 178 850 7600 6 2.3 Sleep 
123 19 151 -0.3 39 230 198 1100 8500 9.1 1.3 Play 
124 25 717 1.3 60 470 247 2300 11000 8.1 4.1 Sleep 
125 21 316 -0.4 70 280 230 1500 11000 5.5 0.96 Play 
126 26 336 0.4 73 280 191 1900 12000 7.5 3.2 Sleep 
127 18 233 0.3 71 160 163 1200 11000 4.2 1.8 Play 
128 30 370 -1.6 76 250 331 1900 15000 8.6 2.4 Sleep 
129 27 147 0.1 84 180 338 1700 14000 6 1.8 Play 
130 22 368 -0.3 81 280 272 2300 17000 9.3 4.5 Sleep 
131 19 133 1.2 61 100 145 820 9300 3.6 2.2 Play 
132 170 436 0.1 66 370 187 1500 10000 8.1 1.8 Sleep 
133 69 267 0 61 160 129 920 8300 4.2 1.4 Play 
134 18 328 -0.3 65 290 185 1400 9400 5.3 1.6 Sleep 
135 18 311 0.4 64 180 199 1100 9500 4.5 2 Play 
136 35 401 0.4 85 570 231 2200 13000 8.5 3.2 Sleep 
137 28 316 0.1 81 330 180 1600 11000 5.6 1.2 Play 
138 31 204 0.5 28 310 269 990 13000 5.7 1.7 Sleep 
139 45 314 0.2 32 440 602 1300 14000 9.4 2.3 Play 
140 16 210 1.3 34 220 246 900 15000 7 1.2 Sleep 
141 160 358 0.2 31 330 224 1400 11000 7.3 2.6 Play 
142 36 314 0.8 31 460 342 1400 16000 8.3 1.3 Sleep 
143 200 449 0.1 36 510 339 1600 14000 11 2.2 Play 
144 29 257 1.3 30 450 436 1700 20000 8.7 2.9 Sleep 
145 410 595 0.4 32 280 298 1910 13000 17 3.2 Play 
146 79 266 0 27 340 199 1200 11000 5 1.9 Sleep 
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147 38 130 0.6 25 220 228 850 11100 4.6 2.4 Play 
148 32 242 1.4 33 290 258 1600 15000 6.2 0.76 Sleep 
149 17 260 0.6 38 390 262 1300 17000 7.9 1.3 Play 
150 63 531 0.7 28 610 265 2000 14000 7.6 2.1 Sleep 
151 95 347 1 28 460 291 1610 20000 9.1 1.4 Play 
152 30 413 -0.2 98 460 211 1700 9200 6.7 3.2 Sleep 
153 29 273 -1.1 140 260 178 1310 8700 3.6 0.8 Play 
154 39 696 -0.2 99 610 236 2100 8700 7.5 2.3 Sleep 
155 27 700 -0.9 120 330 345 1800 11000 5 2.3 Play 
156 46 478 -0.3 130 570 242 1900 12000 8 4.7 Sleep 
157 32 298 -1.2 150 270 251 1200 10000 3.9 1.9 Play 
158 220 540 -0.9 120 590 226 1900 9900 10 0.91 Sleep 
159 32 212 -1.3 150 270 208 1100 9510 3.6 1.6 Play 
160 35 405 -0.7 120 490 212 1800 11000 8.3 1.7 Sleep 
161 29 301 -0.9 130 300 181 1600 9700 5.1 2.4 Play 
162 40 749 -0.8 120 460 211 1900 11100 6.2 2.9 Sleep 
163 28 164 -1.1 140 230 164 1100 9100 3.8 2.2 Play 
164 38 365 -0.7 140 430 249 2300 11000 6.2 2.2 Sleep 
165 25 203 -1.1 130 270 188 1710 10000 5.1 1.5 Play 
166 23 361 0 76 360 180 1000 7300 5.6 2.7 Sleep 
167 18 270 0.3 65 230 123 820 7000 4.3 1.4 Play 
168 17 209 -0.1 58 270 156 700 4800 3.6 2.2 Sleep 
169 18 207 0.1 56 340 129 720 4900 4.2 3.3 Play 
170 21 240 0.4 68 330 121 1300 7700 4.8 1.9 Sleep 
171 19 96.7 0.8 73 160 102 680 8900 4 2.8 Play 
172 19 131 0.4 62 190 123 530 6500 3.2 1.7 Sleep 
173 39 268 -0.2 69 320 157 950 8700 4.9 3.8 Play 
174 22 181 -0.9 60 280 171 800 7400 4.3 1.1 Sleep 
175 12 45 -0.6 47 130 75.5 270 4000 1.6 1.7 Play 
176 20 66.1 -0.9 55 210 195 430 8100 6.1 6.2 Sleep 
177 64 252 -1.1 64 710 179 1200 7400 9.8 4.1 Play 
178 20 107 -0.7 54 170 119 480 5000 3.3 1.5 Sleep 
179 29 354 -0.7 61 390 177 830 6600 5 2.6 Play 
180 29 376 -0.7 73 480 150 1400 11000 9.5 3.8 Sleep 
181 25 112 -1.4 83 220 148 720 9600 5.6 2.1 Play 
182 79 498 -0.4 72 730 167 2000 11000 7.9 4.7 Sleep 
183 28 195 -0.2 82 420 172 1800 15000 8.4 4.2 Play 
184 43 488 0.4 86 670 160 1800 10000 11 3.3 Sleep 
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185 27 265 -2.8 100 340 189 1800 13000 9.2 4.1 Play 
186 54 432 -1.3 47 1300 259 2500 12000 17 2.6 Sleep 
187 73 662 0.6 47 1400 241 2700 12000 18 2.4 Play 
188 29 454 -1.7 50 640 268 2300 12000 10 4.9 Sleep 
189 26 511 -0.9 40 610 216 2200 10000 10 3.8 Play 
190 24 454 0.1 49 690 230 2300 12000 9.4 2.6 Sleep 
191 31 384 -1.5 44 520 183 1800 10000 7.9 4.7 Play 
192 21 538 -0.6 43 470 195 2300 9400 8.4 3.8 Sleep 
193 31 203 -0.3 46 490 219 1800 12000 8.9 3.2 Play 
194 23 548 -1 59 790 302 3400 15000 18 4.2 Sleep 
195 20 455 -0.9 58 850 281 3300 16000 13 3.4 Play 
196 23 568 -1.9 51 590 214 2600 11000 9.3 1.5 Sleep 
197 23 489 -1.5 57 700 216 2700 12000 10 2.5 Play 
198 26 524 -0.4 67 750 308 3700 14000 9 2.3 Sleep 
199 22 475 -0.4 64 630 252 4000 12000 9 1.9 Play 
200 19 16.9 -2.1 67 41 104 760 3900 1.5 1.3 Ore - 
Solid 
201 140 738 2.9 73 530 293 5900 14000 14 2.2 Sleep 
202 34 284 -0.9 71 370 356 5100 15000 9.9 0.11 Play 
203 220 398 -0.3 98 490 360 5700 16000 18 2 Sleep 
204 62 396 -0.2 89 410 353 5000 15000 13 3.7 Play 
205 24 504 -0.2 80 430 302 5500 15000 13 1.8 Sleep 
206 23 274 -1 95 290 377 7700 23000 17 -0.06 Play 
207 110 633 0 78 650 324 6700 16000 15 0.9 Sleep 
208 28 458 -0.1 88 340 453 6100 15000 12 0.75 Play 
209 37 273 -1 75 390 293 4400 16000 11 2.9 Sleep 
210 32 623 -1 130 420 495 8300 18000 14 1.5 Play 
211 20000 3960 0.8 71 420 297 4300 11000 10 2.1 Sleep 
212 640 917 -0.8 73 360 328 4100 13000 9.9 2.9 Play 
213 73 462 -0.8 70 720 251 5100 13000 9 1.7 Sleep 
214 34 492 -1.7 95 450 401 6700 17000 11 2.1 Play 
215 25 32.1 -5.2 140 100 826 19000 44000 29 5.5 Ore - 
Solid 
216 23 292 -0.7 50 370 190 1800 7300 7.3 2 Sleep 
217 18 402 -0.1 55 520 192 2000 7700 7.6 5.3 Play 
218 15 360 -1.3 60 250 209 2200 9700 7.3 2.7 Sleep 
219 18 186 0.1 53 230 259 2000 8500 6.3 0.28 Play 
220 46 277 -0.1 54 340 251 2400 9900 7.2 3.1 Sleep 
221 48 106 0.8 42 160 138 860 5100 4 0.05 Play 
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222 17 218 0.3 53 350 168 1700 6800 5.5 2.6 Sleep 
223 18 232 0.2 47 350 168 1600 7300 5.7 2.4 Play 
224 29 409 1.1 48 410 185 2000 7400 610 1.7 Sleep 
225 27 583 0.8 60 650 262 3700 13000 12 2.8 Play 
226 23 283 1 56 380 286 2700 9900 8.6 2.6 Sleep 
227 24 257 -0.9 69 410 359 3400 13000 8.7 2.2 Play 
228 3000 615 1.2 57 250 207 2400 9500 7 1.1 Sleep 
229 960 426 1.1 54 290 242 2300 9300 6.8 3.3 Play 
230 370 438 0.2 50 450 205 1500 11000 27 1.4 Sleep 
231 33 307 0.5 57 320 223 1600 10000 8.3 0.47 Play 
232 150 277 0.6 46 310 156 1200 8000 6.1 1.4 Sleep 
233 22 172 -1.1 46 210 131 1000 7900 5.5 1.5 Play 
234 33 323 0.3 54 580 182 1900 9000 8.1 1.7 Sleep 
235 28 216 -0.6 57 330 203 1800 9800 8.1 2.5 Play 
236 72 306 0 60 320 173 1600 9000 7.7 3.4 Sleep 
237 20 185 -0.4 60 290 191 1800 11000 8.5 3.4 Play 
238 120 344 0.5 58 320 243 1900 11000 10 1.8 Sleep 
239 220 451 0 56 270 225 1700 9400 8.6 1.9 Play 
240 120 457 0.8 55 490 201 2000 8400 9.7 1.7 Sleep 
241 32 514 -0.2 51 340 183 1700 8200 7.3 1.5 Play 
242 30 356 0.5 73 460 171 1800 10000 11 2.5 Sleep 
243 26 609 0 80 610 204 2700 10000 10 2.4 Play 
244 36 221 -0.4 130 330 332 1300 9210 9.9 3.1 Sleep 
245 36 482 -0.1 120 490 306 1500 8700 10 3.8 Play 
246 39 175 -0.6 110 290 257 1400 8500 8.6 1.7 Sleep 
247 63 310 -1.1 98 390 268 1900 9300 10 5.2 Play 
248 73 333 -0.3 140 550 293 1400 6700 8.4 3.5 Sleep 
249 45 243 -0.2 150 510 384 1200 6500 6.6 4 Play 
250 620 333 0.3 120 470 256 1400 9200 9.3 3.7 Sleep 
251 60 187 -0.6 120 340 398 1300 9900 8.8 3.4 Play 
252 29 120 0.2 150 290 219 1100 7800 6.9 3.1 Sleep 
253 35 205 -0.4 160 410 244 1200 7900 7.6 2.4 Play 
254 32 85.2 -0.8 100 160 171 790 7100 5.5 2.8 Sleep 
255 28 57.7 -0.3 100 150 159 830 7900 5.6 3.4 Play 
256 34 87.7 -1.2 110 280 182 0 6410 5.4 4.3 Sleep 
257 36 42 -1.1 110 190 295 920 6300 17 3.9 Play 
258 41 558 0.7 100 720 155 2000 9100 8.3 2.9 Sleep 
259 56 363 -0.4 150 390 160 1400 8800 6.8 3.9 Play 
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260 47 337 0 97 510 192 1400 12000 12 4.2 Sleep 
261 28 141 -0.7 94 180 138 810 8000 5.1 3 Play 
262 310 659 0.3 110 860 385 2100 15000 23 16 Sleep 
263 160 385 1.3 110 450 295 1700 14000 13 11 Play 
264 32 314 -0.6 84 450 162 1300 12000 12 3 Sleep 
265 45 437 0.6 94 530 209 1700 10000 10 4.6 Play 
266 200 469 0.6 91 340 201 1700 15000 19 26 Sleep 
267 380 458 0.2 100 250 170 1100 11000 23 58 Play 
268 27 318 0.1 78 390 123 1200 7500 6.8 0.97 Sleep 
269 28 201 -0.1 91 280 127 1100 7300 5.6 4.7 Play 
270 24 354 0.1 86 410 136 1500 9000 8.8 4.8 Sleep 
271 21 229 0.1 92 230 112 1100 9000 7.2 1.2 Play 
272 47 331 0.6 160 390 206 1400 8300 6 3.3 Sleep 
273 41 322 -0.4 160 360 205 1400 8400 4.5 3.2 Play 
274 33 299 0 130 180 163 910 6800 6.5 5.3 Sleep 
275 43 267 0.6 140 220 210 910 6300 5.4 2.2 Play 
276 33 231 0.8 150 510 296 4600 14000 6.6 1 Sleep 
277 32 149 -0.3 160 500 415 6100 16000 7.7 2 Play 
278 39 420 -0.6 120 530 234 6800 11000 8.7 1.3 Sleep 
279 32 390 0.2 110 620 268 2400 11000 8.1 4.8 Play 
280 41 172 0.4 170 310 206 1600 12000 7.1 3.7 Sleep 
281 31 237 1.5 120 360 175 1500 8300 6.4 0.93 Play 
282 22 42.3 3.6 11 46 44.8 490 3400 4.7 290 Ore - 
Breaking 
283 22 72 4.1 11 45 44.1 490 3500 4.8 320 Ore -Solid 
284 19 275 1.1 35 300 324 1000 15000 15 17 Sleep 
285 16 495 1.3 43 280 339 1200 17000 16 9.2 Play 
286 30 342 0.9 38 320 364 1500 17000 17 50 Sleep 
287 41 395 0.9 36 320 349 1200 17000 17 56 Play 
288 36 388 1.4 40 500 391 1300 17000 19 41 Sleep 
289 31 282 1.7 35 430 375 1100 15000 20 37 Play 
290 26 900 1 49 330 337 2100 14000 12 140 Sleep 
291 23 354 1.9 47 380 460 1700 16000 15 140 Play 
292 38 304 2 38 380 291 1400 14000 14 4.2 Sleep 
293 30 355 1.2 52 460 376 2000 19000 19 8.9 Play 
294 35 470 1.9 51 450 743 1800 21100 31 44 Sleep 
295 57 395 2.3 41 430 649 1500 22000 37 110 Play 
298 26 495 1.1 57 620 175 1700 8200 7.5 2.4 Sleep 
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299 27 232 0.6 54 500 180 1400 8000 6.9 2.2 Play 
300 29 343 0.8 56 560 214 1500 9500 8.9 2 Sleep 
301 28 262 0.1 65 560 186 1400 7700 6.1 1.8 Play 
302 17 326 0.7 60 540 189 1700 8100 7.9 2.4 Sleep 
303 20 469 -0.5 61 640 226 1800 9900 8.6 4 Play 
304 33 722 3.6 64 760 211 1800 11000 13 1.5 Sleep 
305 25 539 1 64 690 291 1900 11000 9.2 -0.07 Play 
306 25 481 0.2 57 660 168 1900 11000 10 2.6 Sleep 
307 21 134 0.7 57 380 143 1500 7700 6.5 -0.02 Play 
308 26 340 0.8 56 630 196 1700 9100 8.2 2.7 Sleep 
309 21 325 0.1 56 540 181 1500 8200 27 3.5 Play 
310 30 423 1.3 59 630 181 1600 7500 9.1 0.15 Sleep 
311 33 633 0.4 72 700 271 2300 11000 12 2.9 Play 
312 29 578 1.6 47 640 528 2200 21000 9.1 2.1 Sleep 
313 25 556 0.4 45 760 426 2300 16000 8.8 2.9 Play 
314 74 260 0.8 35 380 172 1800 8700 5.1 1.9 Sleep 
315 27 236 0.3 36 220 225 1200 10000 5.2 2.6 Play 
316 19 84.8 0.6 35 140 162 790 8300 4.1 0.07 Sleep 
317 25 273 0.3 38 390 198 1500 9200 6 2.7 Play 
318 25 356 1.1 43 400 242 1600 9000 5.6 2.5 Sleep 
319 41 340 2.3 39 420 199 1500 7900 6.5 1.9 Play 
320 16 73.9 0.7 39 100 127 740 6800 3.4 2.8 Sleep 
321 48 290 1 40 250 139 1300 7500 5 1.8 Play 
322 15 252 1 36 340 159 1300 7400 5 1.5 Sleep 
323 13 298 0.3 38 290 157 1200 7400 4.8 2.1 Play 
324 17 294 0.5 38 350 196 1500 9000 6.1 1.9 Sleep 
325 23 377 0.7 45 400 263 1700 12000 6.6 2 Play 
326 17 256 0.8 38 290 151 920 7100 5.1 1.7 Sleep 
327 14 340 0 40 230 155 950 7200 4.9 2 Play 
328 40 401 0.5 40 440 174 1300 9100 6.5 1.7 Sleep 
329 20 354 1.2 44 370 203 1300 9100 5.7 2.8 Play 
330 18 256 0.7 45 290 215 1300 9500 6.1 3 Sleep 
331 18 353 0.2 47 440 229 1300 9700 6.3 1.9 Play 
332 16 510 0.3 51 600 204 1700 9500 6.7 3 Play 
333 14 620 0.4 37 700 153 1400 7700 5.7 2 Sleep 
334 16 369 1.4 48 360 224 1400 0 6.1 1.2 Play 
335 15 389 1.2 44 550 176 1200 8200 7.2 2.8 Sleep 
336 22 360 0.8 44 440 219 1200 8400 5.8 2.7 Play 
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337 17 242 1 45 440 222 1200 9000 5.9 2.5 Sleep 
338 13 209 0.5 45 320 181 960 7400 4.3 2.9 Play 
339 24 509 0.9 48 1100 513 2400 24000 16 2.8 Sleep 
340 32 626 1.5 48 1300 512 3000 22000 19 3.3 Play 
341 33 684 1.7 54 1300 461 4400 20000 18 2.3 Sleep 
342 32 632 0.8 51 1200 456 2700 21000 17 3.3 Play 
343 23 649 0.2 50 820 415 2400 17000 12 2.2 Sleep 
344 83 1060 2.6 53 1100 502 4700 18000 20 4.5 Play 
345 25 276 0.2 37 660 260 1900 12100 11 2 Sleep 
346 25 620 2.1 64 1300 673 4100 27000 21 3.7 Play 
347 31 852 0.7 57 1400 421 2500 17000 16 1.1 Sleep 
348 20 379 1 49 1200 424 2000 20000 14 3.1 Play 
349 41 759 1.3 53 1300 532 4200 22000 18 3.1 Sleep 
350 32 430 0.7 51 1300 594 4100 24000 17 2.4 Play 
351 37 275 1.5 59 1300 473 2700 22000 17 4.6 Sleep 
352 65 648 1.2 58 1400 503 3600 20000 16 1.1 Play 
353 34 223 0.5 25 370 142 750 7610 6.8 1.6 Sleep 
354 8.7 238 1.2 17 190 105 500 5100 3.7 1.5 Play 
355 14 187 0.3 27 370 141 880 11000 9.3 3.8 Sleep 
356 8.6 98 0.8 16 220 91.4 440 5000 4 1.5 Play 
357 14 199 1 20 400 120 540 6800 6.9 1.5 Sleep 
358 8.7 126 1 15 180 88.4 340 3800 3.7 0.06 Play 
359 23 326 0.5 26 570 141 930 9400 9.4 2.9 Sleep 
360 14 138 0.8 49 160 114 580 6000 4 2.6 Play 
361 55 273 0.9 17 430 78.7 580 3900 5.2 0.52 Sleep 
362 16 158 0.9 15 270 89.1 550 3800 3.5 1.4 Play 
363 33 355 2.2 23 430 116 1000 7300 6.6 1.8 Sleep 
364 15 361 0.5 31 460 145 1200 9900 8 1.2 Play 
365 9.8 311 0.1 25 420 137 780 6000 6.6 3.4 Sleep 
366 12 179 -0.2 21 260 91.6 480 4600 4.5 0.71 Play 
367 1100 438 0.6 24 180 493 750 24000 150 190 Ore -
Ground 
368 1800 547 0.6 90 240 436 750 36000 190 450 Ore -
Washing 
369 28 440 1.6 54 630 468 2900 27000 24 5.9 Sleep 
371 48 331 2.2 62 680 590 2800 30000 20 3.5 Sleep 
372 40 371 1.1 67 770 566 3300 25000 19 3.5 Play 
373 28 498 0.3 150 1600 984 11000 47000 30 7 Sleep 
374 35 696 1 93 1410 672 6600 35000 26 4.4 Play 
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375 25 111 3 55 410 577 2900 46000 31 3.3 Sleep 
376 84 525 2.7 57 720 618 3500 33000 28 5.1 Play 
377 30 277 1.2 67 660 678 3400 39000 28 4 Sleep 
378 27 372 2.1 62 740 573 3200 35000 27 4.4 Play 
380 29 334 1.5 64 650 486 3710 29000 25 2.8 Play 
381 37 378 3.1 54 770 560 3600 43000 28 5.7 Sleep 
382 35 187 2.9 81 560 609 4800 34000 16 5.4 Play 
383 18 222 0.7 7.4 330 110 640 8600 8.7 3.1 Sleep 
384 11 52.2 0.3 6.4 160 78.4 280 12000 4.8 0.69 Play 
385 39 702 1.2 12 590 178 2000 20000 24 4.3 Sleep 
386 38 275 1.2 6.7 240 93.4 730 15000 4.3 2.4 Play 
387 12 417 0.6 10 430 141 1400 20000 7.1 5.3 Sleep 
388 8.9 291 0.5 8.6 280 123 810 19000 5.1 2.3 Play 
389 24 827 2.4 13 920 186 1900 23100 13 5.3 Sleep 
390 6.2 203 0.7 4.7 210 80.9 530 12000 3.7 2.5 Play 
391 13 116 0.7 7.7 150 83.9 450 27000 7.6 7.2 Sleep 
392 13 241 0.5 9.1 280 125 1000 21000 6.9 3.9 Play 
393 18 553 1.2 9.3 410 170 1500 24000 22 4.5 Sleep 
394 19 269 0.3 12 360 224 820 35000 10 6.3 Play 
395 18 190 0.7 16 250 111 650 12000 5.2 2 Sleep 
396 13 159 1 7.4 210 79.4 400 9600 3.8 2 Play 
397 23 688 0.7 27 510 105 1400 5600 6.9 1 Sleep 
398 22 386 0.5 27 480 101 1200 5500 5.1 0.66 Play 
399 32 311 0.7 27 440 95.8 1300 7100 6 2.4 Sleep 
400 7.8 78.9 0.4 26 150 78.8 730 6210 4.2 2.6 Play 
401 35 442 0.7 26 670 161 1700 7600 9.8 2.1 Sleep 
402 130 605 0.5 37 850 190 2300 9400 13 1.9 Play 
403 31 329 0.9 25 340 82.8 1100 6100 5.1 2.4 Sleep 
404 170 516 -0.1 37 790 129 2200 7700 9.5 2.1 Play 
405 44 341 0.6 28 370 116 1500 6800 7.1 1.4 Sleep 
406 69 357 0.8 28 510 119 2000 6500 8.4 2.7 Play 
407 160 549 1.8 63 670 313 1900 12000 15 30 Sleep 
408 150 475 1.3 63 520 389 1600 13000 13 40 Play 
409 37 319 1.4 73 600 402 2000 20000 15 6.7 Sleep 
410 130 615 1.5 65 900 357 2100 20100 20 33 Play 
411 71 551 1.3 60 620 504 2410 24000 19 8.3 Sleep 
412 49 363 0.9 62 560 447 2100 20000 16 8.9 Play 
413 47 437 2 54 740 427 1900 16000 15 7 Sleep 
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414 54 294 1.5 56 840 495 2100 18000 18 2.3 Play 
415 69 473 4.3 51 840 827 3000 27000 22 8.3 Sleep 
416 180 382 2.2 58 880 944 2700 35000 27 25 Play 
417 1200 547 2.9 62 160 219 750 14000 60 290 Ore -
Washing 
418 820 505 3.9 50 240 292 0 19000 88 170 Ore -
Ground 
419 11 201 1.6 16 110 98.1 1200 12000 640 32 Ore -
Drying 
420 14 71.1 1.4 42 470 163 1200 8800 7.9 1.3 Sleep 
421 220 559 2.2 56 880 257 2500 14000 13 2.6 Play 
422 27 530 1.9 53 750 257 2000 12000 12 7.8 Sleep 
423 17 1000 1.5 53 800 215 2200 10000 11 1.1 Play 
424 20 1050 1.6 59 1600 278 4400 12000 14 4.3 Sleep 
425 76 701 1.4 49 960 228 2400 10000 11 3.3 Play 
426 23 167 2.4 59 280 235 1200 14000 10 5.3 Sleep 
428 14 104 1.5 51 550 247 1500 14000 8.8 3.3 Sleep 
429 26 2990 1.4 78 1100 381 3300 19000 17 6.3 Play 
430 100 295 1.6 49 960 252 1700 11000 11 3.2 Sleep 
431 14 152 0.5 48 620 232 1400 11000 8.5 3.6 Play 
432 9 171 1.5 37 160 120 1100 7000 5 0.32 Sleep 
433 20 584 1.3 53 790 276 2400 12000 12 2 Play 
434 17 327 1.1 40 420 247 2000 12000 10 1.4 Sleep 
435 17 325 2 45 580 354 2000 15000 12 0.81 Play 
436 16 360 0.4 48 610 377 2100 16000 12 1.2 Sleep 
437 13 148 1.4 40 280 251 1300 12000 7.9 -0.47 Play 
438 740 488 1.8 44 650 387 2300 15000 14 1.1 Sleep 
439 47 186 1.6 38 300 359 1310 12000 8.2 1.9 Play 
440 36 391 0.9 42 760 486 3500 22000 19 2.3 Sleep 
441 17 158 2.5 39 490 494 2700 20100 15 2.5 Play 
442 19 582 0.8 46 500 363 2400 16000 12 1.7 Sleep 
443 19 185 0.9 44 330 368 1500 13000 8.8 2.8 Play 
444 58 381 1.6 41 810 485 4900 23000 23 1.5 Sleep 
445 21 247 1.6 43 1100 499 5800 28000 30 2.2 Play 
446 29 212 1.5 41 380 428 1700 15000 11 2.3 Sleep 
447 14 157 1.5 39 300 300 1500 14000 8.7 1.6 Play 
448 16 882 1 47 430 174 1200 9210 7.8 -0.09 Sleep 
449 15 869 0.5 38 450 165 0 6500 7.1 1.1 Play 
450 15 199 0.9 33 210 162 630 6400 4.9 -0.22 Sleep 
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451 30 1150 0.6 42 620 433 1100 11000 9.9 0.48 Play 
452 15 378 1.8 40 360 248 1100 7900 7 1.5 Sleep 
453 14 442 1.2 34 270 152 760 6200 5.8 0.77 Play 
454 19 498 1.2 39 420 155 1300 7800 7.3 -0.1 Sleep 
455 12 360 0.3 36 270 130 720 6000 4.8 0.49 Play 
456 280 606 1.2 45 470 221 1400 9800 9 3.6 Sleep 
457 1100 670 0.2 40 440 188 1200 7400 9.5 1.6 Play 
458 12 221 -0.2 39 300 175 800 6700 6.2 1.9 Sleep 
459 11 161 0.1 38 180 163 710 6600 5.5 1.8 Play 
460 48 456 0 37 410 161 900 6200 7.2 1.9 Sleep 
461 15 411 0.2 42 490 196 1200 8100 7.6 3.3 Play 
462 98 325 0.1 38 380 235 1800 9600 9.4 1.3 Sleep 
463 140 114 0.7 42 240 191 770 9400 8.8 1.4 Play 
464 39 276 0.4 43 650 226 1200 11000 11 0.63 Sleep 
465 44 70.5 1.3 37 330 204 800 9700 8.1 1.6 Play 
466 28 852 0.5 36 600 178 980 8600 8.6 2 Sleep 
467 19 119 -0.1 38 370 201 790 9600 7.6 2.5 Play 
468 34 411 0.5 45 220 161 1100 8200 7.6 1.6 Sleep 
469 67 113 0.8 35 230 158 620 8600 6.4 2.3 Play 
470 110 320 0.6 41 610 281 1500 11000 12 0.98 Sleep 
471 51 80.6 0.9 40 280 211 860 10000 8.3 1.8 Play 
472 97 272 1.2 38 430 187 1000 8500 14 3.8 Sleep 
473 28 84.2 0 31 190 115 440 6900 6.6 2.2 Play 
474 710 374 3.8 38 460 171 1400 8700 14 2.4 Sleep 
475 130 87.4 1.4 34 170 142 480 6200 6.5 1.9 Play 
476 30 110 0.2 61 280 184 1300 10000 6.2 1.4 Sleep 
477 43 768 0.7 74 650 260 2800 13000 9.4 3.4 Play 
478 710 360 2.4 61 840 287 2100 14000 36 7 Sleep 
479 560 531 4.8 62 890 282 2400 13000 34 7.6 Play 
480 58 141 -0.1 64 380 212 1400 13000 11 5 Sleep 
481 260 427 1.5 65 780 291 2100 14000 21 4.5 Play 
482 540 544 2.1 74 760 311 4600 15000 21 7.5 Sleep 
483 280 384 0.9 82 540 427 3500 17000 18 6.5 Play 
484 32 242 5.1 30 350 344 1700 8300 12 1.4 Sleep 
485 12 111 -0.3 32 260 272 2100 9300 7 0.37 Play 
486 89 506 8.7 23 740 217 1700 7000 13 1.2 Sleep 
487 19 319 0.2 47 710 403 2400 13000 12 0.56 Play 
488 31 269 1.2 51 480 422 3100 14000 16 3.8 Sleep 
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489 40 95.4 -0.6 74 230 471 3400 17000 14 4.5 Play 
490 11 101 -0.2 32 190 191 1800 8400 7.4 0.98 Sleep 
491 10 33.7 0.1 22 69 217 840 6200 4.8 1.6 Play 
492 16 244 0.8 45 330 276 2800 10000 11 1.6 Sleep 
493 18 171 0.3 63 380 409 4100 16000 13 1.8 Play 
494 23 381 0.4 40 380 327 2900 12000 12 1.3 Sleep 
495 15 90.6 0.8 45 220 422 3100 13000 10 1.3 Play 
496 7.6 35.9 -0.1 5.4 49 53.9 310 2300 1.9 0.22 Sleep 
497 11 45.9 0.3 39 120 327 2700 13000 9.1 1.2 Play 
498 5.5 10.8 0.2 18 42 27.2 310 4400 2.4 17 Ore -
Washing 
499 22 41.6 -0.9 480 1300 1100 14100 43000 57 48 Ore -
Washing 
500 8.4 25.2 0.2 29 72 257 2000 10000 8 22 Ore -
Washing 
501 92 444 1.8 51 660 331 2100 8100 14 2.1 Sleep 
502 19 231 0.4 66 480 209 1400 6610 5.5 1.5 Play 
503 19 61.8 0.6 55 300 204 790 7700 5.9 1.3 Sleep 
504 26 442 0.9 60 400 230 1410 8300 7.4 3.9 Play 
505 21 301 0 47 490 226 1200 7300 8.1 1.5 Sleep 
506 20 186 1.3 45 430 203 880 6700 5.3 2.4 Play 
507 19 231 0.8 55 740 262 1300 8400 9.1 2 Sleep 
508 50 707 2.3 58 990 328 1900 9800 16 2.2 Play 
509 18 184 0.7 68 580 300 1600 13000 12 3.2 Sleep 
510 22 242 0.4 55 570 263 1300 10000 9.5 3 Play 
511 21 564 0.4 31 340 150 1400 5900 4.5 1.8 Sleep 
512 21 119 0.5 47 480 212 850 6600 6.9 3.1 Play 
513 46 459 0.3 61 940 315 2000 12000 13 4 Sleep 
514 31 495 1.5 60 900 338 1900 11100 12 1.4 Play 
515 15 465 0.1 47 510 207 1510 8800 8 0.8 Sleep 
516 13 551 0.6 46 470 226 1500 8200 7.5 1.8 Play 
517 28 221 0.4 35 320 174 940 6900 5.9 0.75 Sleep 
518 11 70.8 -0.8 31 150 125 550 4800 3.8 1.3 Play 
519 18 247 0 37 320 178 1100 7300 6.1 1 Sleep 
520 18 154 -0.5 44 270 166 1200 8000 6.7 0.61 Play 
521 14 328 0.5 35 500 146 1000 5700 5.6 0.88 Sleep 
522 16 161 -0.1 39 210 127 780 5700 4.3 1.3 Play 
523 31 210 0.5 33 260 150 780 5400 5 0.8 Sleep 
524 18 155 0.3 40 320 166 960 6300 5.6 0.17 Play 
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525 22 137 0.5 45 200 182 1010 8500 5.9 2.3 Sleep 
526 11 87.6 -0.2 36 140 129 580 4900 3.8 1.2 Play 
527 11 176 0.2 35 250 151 920 6700 5.4 1 Sleep 
528 9.6 98.3 0.2 30 110 122 530 4500 3.3 0.85 Play 
529 24 215 -0.2 37 300 389 1400 11000 9.4 1.8 Sleep 
530 13 505 -0.5 39 350 478 1400 14000 12 3.7 Play 
531 9.6 44.1 0 41 170 314 1700 12000 9 2.2 Sleep 
532 27 188 0.4 37 300 348 1600 13000 10 2 Play 
533 28 165 0 35 350 312 1310 10100 8.2 1.8 Sleep 
534 17 104 0.1 33 270 222 920 8200 6.3 1.8 Play 
535 15 234 0.5 43 460 368 2100 13000 11 3.4 Sleep 
536 11 64.3 1.2 36 320 269 1010 10000 8.1 1.6 Play 
539 10 584 0.7 37 280 294 1900 11000 8.8 2 Sleep 
540 14 290 0.4 34 290 266 1800 10100 7.8 3 Play 
541 48 174 -0.5 17 230 157 900 5800 5 0.29 Sleep 
542 15 87.8 0.8 19 160 147 940 6900 5.4 1.5 Play 
543 16 130 0.5 14 180 127 710 5100 5 1.7 Sleep 
544 12 47.6 1.1 18 110 130 830 7300 6.4 0.56 Play 
545 20 122 -0.1 14 160 123 640 4800 4.8 0.55 Sleep 
546 6.9 84.8 0.2 19 180 188 820 7100 6.4 0.45 Play 
547 8.6 126 -0.2 14 220 148 580 5000 5 0.23 Sleep 
548 10 48.1 -0.1 18 130 128 760 6500 5.5 0.57 Play 
549 5.7 3.8 0.3 13 39 177 570 7600 5.6 0.89 Ore -
Washing 
550 12 91.7 -0.9 47 240 221 2300 13100 12 2.8 Sleep 
551 11 45.9 -0.4 24 90 145 820 5400 3.2 1.4 Play 
552 16 109 -1.6 43 200 287 2300 13000 9.9 3.2 Sleep 
553 29 179 0.2 48 290 306 2600 13000 9.2 2.2 Play 
554 8.1 36.3 -0.9 23 70 101 780 4010 2.7 0.97 Sleep 
555 10 45.7 -0.5 26 98 159 1000 6200 4 0.86 Play 
556 11 9.1 0.2 29 79 215 1100 5800 3.4 1.2 Sleep 
557 56 94.8 0.3 29 150 240 2300 8800 6.3 2.1 Play 
558 12 24.8 -0.1 21 76 175 810 4500 3 0.04 Sleep 
559 33 132 -0.6 110 240 443 5200 20000 17 4.3 Play 
560 9.8 106 -1.2 33 110 166 1700 6800 4.4 -0.13 Sleep 
561 47 130 -1 51 220 316 3200 15000 9.6 1.9 Play 
562 13 72 -1.2 37 140 199 1600 7800 5.1 3.9 Sleep 
563 12 54.6 -0.2 30 99 188 1100 5900 5.2 1.5 Play 
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564 89 317 -0.9 60 400 190 3100 9300 8.3 2.6 Sleep 
565 22 58.5 -0.6 49 140 91.1 1100 4100 3.1 2.5 Play 
566 23 248 -0.8 56 340 156 2200 6900 6.1 2.5 Sleep 
567 16 104 -0.6 47 130 100 1300 4500 3.7 3.1 Play 
568 21 340 -0.9 45 610 187 2500 7310 6.8 1.3 Sleep 
569 17 73.7 -1.1 44 160 120 1900 5300 3.5 2.4 Play 
570 19 184 -0.8 56 280 148 2300 6700 5.5 4.3 Sleep 
571 19 69.5 -1.5 50 140 105 1200 4500 3.7 4.7 Play 
572 42 331 0.8 65 980 274 4200 11000 11 3.2 Sleep 
573 24 84.4 -1.4 73 320 151 2300 6600 5.3 4 Play 
574 21 102 -0.7 52 280 188 1900 6400 4.4 2.9 Play 
575 22 311 -0.6 40 540 150 1900 6000 41 1.7 Sleep 
576 17 75.8 -0.5 37 260 118 1200 4600 3.8 2.3 Play 
577 110 991 19.2 43 820 263 2900 11000 15 3.1 Sleep 
578 32 2020 2.8 56 640 356 3800 14000 9.8 3.2 Play 
579 18 225 0.8 42 480 302 1800 12000 6 2.5 Sleep 
580 20 277 -0.6 45 380 277 1610 13000 5.5 2 Play 
581 33 392 0 57 790 471 2600 20100 10 3.7 Sleep 
582 18 128 -0.5 53 410 366 1900 17000 6 1.8 Play 
583 20 520 0.2 59 550 345 2600 20000 15 4.8 Sleep 
584 18 166 -0.5 54 410 382 2300 18000 6.2 3.4 Play 
585 36 220 0.1 50 440 343 2000 13100 5.9 3.9 Sleep 
586 16 118 -0.8 55 450 293 1600 13000 4.3 3.4 Play 
587 17 237 -1.3 53 600 501 3400 24000 9.6 4.2 Sleep 
588 11 75.1 0.1 31 250 193 1100 8000 3.3 2.7 Play 
589 31 375 4 48 540 304 2010 12000 7 5.5 Sleep 
590 17 256 -0.8 50 390 273 1700 12000 5 1.2 Play 
591 41 189 0.6 14 400 112 650 5100 4.1 1.1 Sleep 
592 7.2 82.4 -0.1 14 160 80 370 3600 3.4 1.1 Play 
593 25 101 0.3 11 180 84.2 420 4000 3 1.9 Sleep 
594 5.7 285 0 14 570 114 1410 4610 6.5 1.5 Play 
595 13 121 0.1 11 140 61 360 3000 2 0.15 Sleep 
596 5.9 125 0.5 9.5 170 53.2 330 2600 2 -0.32 Play 
597 8.4 215 2 13 310 92.2 810 4600 4.2 -0.43 Sleep 
598 29 55.5 0.2 6.9 93 60.8 200 2600 1.6 -0.58 Play 
599 6.4 351 0.4 12 490 89 640 4500 4.6 -0.09 Sleep 
600 6.1 93.7 0.8 6.5 110 59.7 220 2200 1.9 0.44 Play 
601 8.8 256 -0.1 16 400 107 740 4810 6.1 -0.73 Sleep 
100 
ERL 
Sample 
# 
Pb 
220.353 
S 
181.972 
Sb 
206.834 
Rb 
780.026 
P 
213.618 
Mn 
257.610 
Mg 
383.829 
Fe 
273.358 
Cu 
327.395 
As 
188.980 
Descrip 
602 5.1 150 0.8 9.6 180 82 360 2700 2.2 -0.18 Play 
603 170 252 0.7 16 310 91.5 700 5400 4 0.01 Sleep 
604 6.5 167 0.5 12 150 61.3 350 3500 2.3 0.97 Play 
605 16 477 0.7 59 270 260 2400 11000 7.1 3.7 Sleep 
606 18 1070 0.3 73 400 209 2800 9000 5.9 3.8 Play 
607 13 354 0.5 50 220 221 2300 8400 5.4 2 Sleep 
608 17 424 0.6 64 240 243 2200 9200 8.4 1.1 Play 
609 20 588 1 57 610 334 2300 12000 9.9 4 Sleep 
610 25 638 0.8 56 590 578 2300 12000 8.6 2.2 Play 
611 22 388 0.6 93 220 184 1800 8500 5.3 3.9 Sleep 
612 19 94.2 0.1 51 160 405 1300 16000 7.9 2.1 Play 
613 30 301 1.7 46 330 512 1600 17100 8.7 2.3 Sleep 
614 34 335 4.3 53 360 507 1900 16000 8.7 1.9 Play 
615 20 716 0.2 65 670 425 3200 15000 11 2.8 Sleep 
616 18 312 0.5 62 430 391 2500 15000 11 1.5 Play 
617 24 2040 1.5 65 620 548 3400 19000 14 2.8 Sleep 
618 30 171 -0.4 47 400 752 2100 21000 12 2.7 Play 
620 11 381 0.4 14 310 189 920 8200 4.8 2.4 Sleep 
621 9.2 258 0.1 10 140 201 470 6300 3.7 1 Play 
622 7.1 170 0.8 8.4 100 104 360 9600 4.9 2.3 Sleep 
623 9 33.3 0.3 10 79 172 380 8400 3.5 1.5 Play 
624 15 374 1.1 17 460 170 1200 9300 6 2.6 Sleep 
625 13 87 0.8 15 210 190 600 9600 9.3 2.3 Play 
626 21 337 1.3 17 300 237 810 9300 6.3 0.46 Sleep 
627 9.7 45.4 1.1 12 80 213 390 5800 4.1 1.5 Play 
628 13 234 0.3 13 320 317 610 5200 4.9 0.63 Sleep 
629 14 36.9 -0.3 15 71 178 400 5110 3.1 1 Play 
630 13 351 0.9 22 540 187 1000 5700 6.1 2.5 Sleep 
631 12 85 1.5 29 220 263 950 8900 7.8 1.5 Play 
632 16 160 0.6 11 180 90 430 6800 4.3 1.7 Sleep 
633 15 127 0.1 11 130 108 350 3900 3 1.4 Play 
634 13 97.2 1.1 51 190 145 800 5900 4 1.5 Sleep 
635 16 250 1.2 52 270 188 1200 7200 5.8 2.1 Play 
636 23 293 0.6 51 420 206 1400 7100 6.6 2.7 Sleep 
637 45 327 1.4 57 440 237 1600 8500 7.5 2 Play 
638 31 149 1.9 51 350 234 1000 7300 6.5 2.7 Sleep 
639 17 82.5 1.6 42 220 203 620 5900 4.1 0.37 Play 
640 17 170 0.5 62 390 242 1800 10000 8.3 2.6 Sleep 
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641 26 296 0.9 56 540 235 1600 8900 7.5 3 Play 
642 17 228 -0.6 64 280 249 1400 11000 7.8 2.2 Sleep 
643 15 347 -0.3 56 420 186 1400 8200 6.2 2.8 Play 
644 12 78.4 0.8 35 160 175 690 5710 3.5 3 Sleep 
645 22 362 0 52 560 223 1200 8000 7.3 3.1 Play 
646 66 118 -0.1 40 230 244 1100 8300 6.1 1.6 Sleep 
647 16 45 -0.2 43 84 155 470 5300 2.6 1.2 Play 
648 19 144 -0.3 54 260 392 1410 12000 6.7 2.1 Sleep 
649 18 200 -0.5 58 230 190 760 5800 3.5 2.8 Play 
650 13 106 0 36 220 247 900 7100 5.2 1.5 Sleep 
651 9.2 43.2 -0.6 27 74 110 350 3200 2.3 1.6 Play 
652 16 383 0.3 45 500 195 1300 7500 6.8 0.85 Sleep 
653 16 102 -0.5 42 290 158 700 5400 3.8 1.3 Play 
654 11 78.5 0 32 120 129 680 5500 3.8 0.22 Sleep 
655 15 140 0.2 40 260 177 1000 8500 5.3 -0.17 Play 
656 78 116 0.3 39 190 175 810 6900 4.2 0.57 Sleep 
657 14 94.3 -0.1 46 140 83.3 550 4300 4.2 1.8 Play 
658 41 169 0.5 43 330 272 990 6900 5.4 0.4 Sleep 
659 22 26.1 -0.3 83 43 58.3 190 2800 1.4 1.7 Play 
660 25 563 -0.1 98 240 245 1300 7500 6.5 2.1 Sleep 
661 60 742 -0.1 91 740 480 2500 8100 10 1.6 Play 
663 34 176 -0.7 100 170 212 620 13000 7 2.6 Play 
664 34 877 1 68 440 222 1010 7300 6.3 1.2 Sleep 
665 20 143 0.3 67 130 128 530 5600 3.5 1.4 Play 
666 78 735 0 86 360 230 1500 11000 6.5 1.1 Sleep 
667 29 406 0 95 290 147 1000 6900 4.3 2.3 Play 
668 57 268 -0.3 99 230 133 880 6800 3.5 1.9 Sleep 
669 80 334 4.7 70 220 172 1300 10000 6.7 2.8 Play 
670 37 550 -0.6 110 280 212 1400 9500 6.6 3 Sleep 
671 43 300 -0.5 120 190 257 1200 9300 4.4 4 Play 
672 37 363 0 87 340 205 1200 6900 5.1 4.1 Sleep 
673 33 157 -0.6 95 230 202 840 6700 17 1.9 Play 
674 59 254 2.6 96 170 168 700 6500 4.4 2.9 Sleep 
675 40 2020 0.3 89 350 231 1600 8900 12 2.7 Play 
676 120 266 2.2 89 310 259 1600 9800 12 1.7 Sleep 
677 54 453 0.6 96 280 358 1600 12000 7.1 2.6 Play 
678 39 659 -0.5 82 400 262 1500 7500 5.4 3.4 Sleep 
680 32 449 0.7 65 230 192 1100 7400 5.6 2.4 Sleep 
102 
ERL 
Sample 
# 
Pb 
220.353 
S 
181.972 
Sb 
206.834 
Rb 
780.026 
P 
213.618 
Mn 
257.610 
Mg 
383.829 
Fe 
273.358 
Cu 
327.395 
As 
188.980 
Descrip 
681 25 263 1.1 76 660 223 1500 11000 9.3 1.5 Play 
682 36 744 0.9 73 290 158 1100 7800 5.8 0.45 Sleep 
683 23 221 0.6 65 140 175 1100 12000 5.7 2.3 Play 
684 43 211 -1.4 160 240 179 920 7110 4.9 2.8 Sleep 
685 340 347 -0.2 140 420 215 1200 7800 6.5 2.7 Play 
686 26 854 -0.2 60 690 225 3200 9500 9.2 4.9 Sleep 
687 22 422 -0.5 67 350 239 2100 10000 6.1 3.3 Play 
688 77 997 0.4 65 1200 254 2800 15000 13 4 Sleep 
689 29 361 0 61 490 249 2100 11000 10 3.8 Play 
690 29 765 0 59 590 236 2300 8700 13 3.4 Sleep 
691 26 403 0.5 58 400 211 1800 8300 6.2 3.9 Play 
692 29 2220 1.7 56 420 193 2700 11000 15 4.5 Sleep 
693 21 380 1 56 350 158 2200 8500 6 3.6 Play 
694 26 746 0.4 57 520 205 2500 9400 160 4.1 Sleep 
695 17 359 -0.1 48 340 197 2200 7100 4.5 4 Play 
696 54 605 9 60 640 313 6800 13000 20 3.7 Sleep 
697 23 222 0.3 63 440 256 6000 11000 6.3 2.7 Play 
698 34 428 0.1 53 540 223 3300 8700 11 4.5 Sleep 
699 29 318 0.1 53 440 203 2800 8600 9.3 4.6 Play 
700 39 421 -0.2 58 580 305 1900 7500 11 3.9 Sleep 
701 38 707 0.4 58 730 290 1900 8000 10 3.9 Play 
702 41 1050 2.6 55 950 259 2500 11000 11 3.5 Sleep 
703 22 953 1.6 57 840 310 2300 11000 10 3.1 Play 
704 30 992 1.8 58 880 240 3700 8800 15 3.3 Sleep 
705 24 577 -0.1 64 550 172 1700 7400 5.1 2.4 Play 
706 37 808 5.9 61 640 203 2400 8700 15 3.7 Sleep 
707 22 771 0.4 63 480 192 2200 9000 7.5 4.2 Play 
708 35 482 0.8 56 560 204 2200 8200 9.5 3.6 Sleep 
709 32 342 -0.4 66 440 197 2200 7900 7.5 2.9 Play 
710 27 539 0.8 87 710 258 3600 10000 11 3.5 Sleep 
711 25 355 0.4 92 360 154 2000 7900 4.6 3.4 Play 
712 25 614 0.2 59 630 1020 4100 22000 67 6.4 Sleep 
713 20 169 0.4 51 270 158 1800 6300 5.1 3.1 Play 
714 20 79.2 1.4 46 180 607 860 14000 11 11 Sleep 
715 54 576 1.3 45 370 248 1600 11000 17 8.2 Play 
716 37 171 1.3 44 320 219 1100 11000 11 23 Sleep 
717 29 455 0.9 130 410 282 2500 13000 12 15 Play 
718 21 744 1.7 50 750 255 2100 13000 18 12 Sleep 
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719 13 538 0.6 44 490 244 1500 12000 14 12 Play 
720 34 136 1.6 31 180 299 840 12000 10 17 Sleep 
721 22 546 1.6 42 430 449 1500 13000 14 15 Play 
722 43 342 1.8 75 390 421 1600 25000 26 22 Sleep 
723 49 330 1.7 52 400 287 1800 17000 21 15 Play 
724 21 563 1.8 47 450 425 2200 20000 28 11 Sleep 
725 40 603 2.1 72 570 553 2310 27000 38 18 Play 
726 32 362 2.2 44 380 348 1400 13000 13 23 Sleep 
727 34 445 0.6 44 440 305 1800 12000 12 14 Play 
728 5.4 9.3 0.6 17 37 76.4 230 4610 2.6 2.6 Ore -
Washing 
729 67 438 0.7 56 460 230 1800 8800 9 4.9 Sleep 
730 20 421 0.6 53 340 185 1400 7200 6.2 4 Play 
731 140 334 0.2 52 360 241 1600 9400 6.8 4.4 Sleep 
732 17 195 0.6 41 210 186 960 7100 4.6 1.8 Play 
733 64 131 -0.5 110 220 292 4900 21000 45 5.3 Sleep 
734 19 219 0 54 160 188 1400 9600 6.9 3.4 Play 
735 4 -10.7 6360 1600 1.7 1190 75 570 12 4.5 Ore -
Solid 
736 29 266 0.1 54 460 188 2100 0 6.9 3.2 Sleep 
737 19 331 0.3 46 300 151 1000 6900 7.1 3.7 Play 
738 19 228 0.7 55 340 213 1700 11000 8.8 4.8 Sleep 
739 15 228 -0.1 43 180 172 1000 8000 5.6 3.4 Play 
740 13 275 0.6 54 320 214 1700 12000 8.6 1.1 Sleep 
741 13 218 0.8 52 240 190 1200 8800 5.8 2.7 Play 
742 17 263 1 60 490 243 2100 13100 11 2.9 Sleep 
743 26 656 0.3 58 1000 228 2100 9710 16 2.8 Play 
744 23 141 0.2 43 370 366 1800 19000 7.2 4.6 Sleep 
745 14 218 0 43 650 738 3100 32100 8.6 4.4 Play 
746 5.8 78.3 0.2 15 130 183 830 8200 3.3 2 Sleep 
747 17 313 -0.3 45 700 688 2900 30000 10 5.1 Play 
748 14 172 0.3 27 460 459 2900 19000 7.1 2.6 Sleep 
749 12 79.6 0.1 30 430 578 2500 18000 5.5 3.5 Play 
750 16 102 -0.5 36 440 492 1700 24000 6.7 2.5 Sleep 
751 18 247 0.6 31 590 445 2100 22000 9.5 2.7 Play 
752 13 47.1 0.3 40 210 321 2000 17000 6.9 4.9 Sleep 
753 14 238 0.8 39 370 440 2500 19000 8.3 3.3 Play 
754 8.1 62.4 0.6 23 330 451 3900 25000 7.8 4.9 Sleep 
755 11 307 1 32 760 425 4100 25000 10 4.2 Play 
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ERL 
Sample 
# 
Pb 
220.353 
S 
181.972 
Sb 
206.834 
Rb 
780.026 
P 
213.618 
Mn 
257.610 
Mg 
383.829 
Fe 
273.358 
Cu 
327.395 
As 
188.980 
Descrip 
756 34 200 1.2 18 520 383 3200 17000 6.5 3.1 Sleep 
757 18 161 0.2 22 470 383 3400 19100 6.7 3.6 Play 
758 29 156 0.3 18 160 107 600 9900 5.5 3.7 Sleep 
759 13 92.3 0.7 22 150 173 480 10000 4.4 3.5 Play 
760 150 997 1.3 34 890 241 1900 9500 12 3.2 Sleep 
761 16 2740 1.7 34 470 175 1200 11000 11 5.3 Play 
762 20 494 1.6 30 460 149 1100 8700 15 3.5 Sleep 
763 11 522 1 29 250 139 970 8200 7.5 2.2 Play 
764 26 705 0.3 35 540 157 1400 9700 23 3.5 Sleep 
765 12 346 0.4 31 260 153 1100 7700 5.4 2.1 Play 
766 22 769 0.2 34 760 132 1210 9500 7.4 2.3 Sleep 
767 13 716 0.7 35 450 160 1100 9700 6.7 3.8 Play 
768 18 486 6.5 34 540 275 1200 9200 16 6 Sleep 
769 12 342 0.7 30 410 141 1000 8600 5.8 3.4 Play 
770 12 222 1.4 22 340 132 900 12000 6.1 3.4 Sleep 
771 9.4 383 -0.4 19 220 129 580 13000 4.9 3.2 Play 
772 14000 10100 83.4 43 1010 271 1400 100000 570 9400 Ore -
Ground  
773 65 136 1.3 59 220 258 850 13000 9.9 14 Ore -
Ground 
774 54 244 0.6 70 380 289 1300 17000 13 11 Ore - 
Washing 
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Appendix A.1: ICP-AES analysis Standards 
Standard 
Geochemical 
Identifier 
Material 
Type 
Location Description Link 
NIST 2709a 
San 
Joaquin 
Soil  
San Joaquin Baseline Trace Elements Concentrations 
https://www-
s.nist.gov/srmors/view_detai
l.cfm?srm=2709A 
NIST 2711 
Montana 
Soil 
Butte, MT 
Lead Concentrations and other elements: Moderately 
contaminated soil  
https://www-
s.nist.gov/srmors/view_detai
l.cfm?srm=2711 
NIST 1646a 
Estuarine 
Sediment 
Chesapeake 
Bay  
Used for calibrating the ICP-AES and evaluating the 
reliability of analytical methods for the determination 
of major, minor, and trace elements in estuarine 
sediments and similar matrices (NIST, 2004). 
https://www-
s.nist.gov/srmors/view_detai
l.cfm?srm=1646A 
USGS BHVO 2 Basalt Hawaii 
Recommended values: listed when analytical results 
provided by 3 independent laboratories using a min of 
3 independent analytical procedures are in statistical 
agreement.  
http://crustal.usgs.gov/geoch
emical_reference_standards/
pdfs/basaltbhvo2.pdf 
USGS SDO 
Devonian 
Ohio Shale 
Kentucky 
Used to establish analytical accuracy in the analysis of 
organic- and sulfur-rich sedimentary rocks 
http://crustal.usgs.gov/geoch
emical_reference_standards/
pdfs/ohioshale.pdf 
NRCC MESS 3 
Marine 
Sediment 
Canada Trace Metals and other constituents 
http://www.nrc-
cnrc.gc.ca/eng/solutions/adv
isory/crm/certificates/mess_
4.html 
NIST 2710 
Montana 
Soil 
Butte, MT  
Lead Concentrations and other elements: 
 Highly contaminated soil 
https://www-
s.nist.gov/srmors/view_detai
l.cfm?srm=2710 
NIST 2780 
Hard Rock 
Mine 
Waste 
Abandoned 
mine site near 
Silverton, CO 
Used in the evaluation of methods and for the 
calibration of apparatuses used to determine heavy 
metals and other elements in hard rock mine waste and 
materials of a similar matrix.  
https://www-
s.nist.gov/srmors/view_detai
l.cfm?srm=2780 
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Appendix B: XRD diffractograms: Samples >100 ppm Pb 
 
Samples >100 Pb combined XRD diffractogram 
 
 
ERL# 29 XRD diffractogram 
 
 
ERL# 71 XRD diffractogram 
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ERL# 79 XRD diffractogram 
 
 
ERL# 80 XRD diffractogram 
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ERL# 81 XRD diffractogram 
 
 
ERL# 145 XRD diffractogram 
 
 
ERL# 211 XRD diffractogram 
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ERL# 212 XRD diffractogram 
 
 
ERL# 228 XRD diffractogram 
 
 
ERL# 229 XRD diffractogram 
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ERL# 250 XRD diffractogram 
 
 
ERL# 367 XRD diffractogram 
 
 
ERL# 368 XRD diffractogram 
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ERL# 417 XRD diffractogram 
 
 
ERL# 418 XRD diffractogram 
 
 
ERL# 438 XRD diffractogram 
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ERL# 457 XRD diffractogram 
 
 
ERL# 474 XRD diffractogram 
 
 
ERL# 478 XRD diffractogram 
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ERL# 479 XRD diffractogram 
 
 
 
ERL# 482 XRD diffractogram 
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ERL# 772 XRD diffractogram 
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Appendix C: SEM-EDS  
 
ERL# 79.1 SEM image 
 
ERL# 79.1 SEM spectra 
 
 
ERL# 79.2 SEM image 
 
ERL# 79.2 SEM spectra 
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ERL# 80.1 SEM image 
 
ERL# 80.1 SEM spectra 
 
 
ERL# 80.2 SEM image 
 
ERL# 80.2 SEM spectra 
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ERL# 80.3 SEM image 
 
ERL# 80.3 SEM spectra 
 
 
ERL# 80.4 SEM image 
 
ERL# 80.4 SEM spectra 
 
 
ERL# 80.5 SEM image 
 
ERL# 80.5 SEM spectra 
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ERL# 80.7 SEM image 
 
ERL# 80.7 SEM spectra 
 
 
ERL# 211.1 SEM image 
  
ERL# 211.1 SEM spectra 
 
 
ERL# 211.2 SEM image 
 
ERL# 211.2 SEM spectra 
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ERL# 211.3 SEM image 
 
ERL# 211.3 SEM spectra 
 
 
ERL# 211.5 SEM image 
 
ERL# 211.5 SEM spectra 
 
 
ERL# 211.7 SEM image 
 
ERL# 211.7 SEM spectra 
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ERL# 228.1 SEM image 
 
ERL# 228.2 SEM image 
 
ERL# 228.3 SEM image 
 
ERL# 228.4 SEM image 
 
 
ERL# 367.1 SEM image 
 
ERL# 367.1 SEM spectra 
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ERL# 367.2 SEM image 
 
ERL# 367.2 SEM spectra 
 
 
ERL# 367.3 SEM image 
  
ERL# 367.3 SEM spectra 
) 
 
ERL# 367.4 SEM image 
  
ERL# 367.4 SEM spectra 
 
122 
 
ERL# 367.5 SEM image 
 
ERL# 367.5 SEM spectra 
 
 
ERL# 367.6 SEM image 
  
ERL# 367.6 SEM spectra 
 
 
ERL# 367.7 SEM image 
 
ERL# 367.7 SEM spectra 
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ERL# 367.8 SEM image 
  
ERL# 367.8 SEM spectra 
 
 
ERL# 368.1 SEM image 
  
ERL# 368.1 SEM spectra 
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ERL# 368.2 SEM image 
 
ERL# 368.2 SEM spectra 
 
 
ERL# 368.3 SEM image 
 
ERL# 368.3 SEM spectra 
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ERL# 368.4 SEM image 
 
ERL# 368.4 SEM spectra 
 
 
ERL# 368.6 SEM image 
 
ERL# 368.6 SEM spectra 
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ERL# 368.8 SEM image 
  
ERL# 368.8 SEM spectra 
 
 
ERL# 368.9 SEM image 
  
ERL# 368.9 SEM spectra 
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ERL# 368.10 SEM image 
 
ERL# 368.10 SEM spectra 
 
 
ERL# 368.11 SEM image 
 
ERL# 368.11 SEM spectra 
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ERL# 368.12 SEM image 
 
ERL# 368.12 SEM spectra 
  
 
ERL# 408.1 SEM image 
  
ERL# 408.1 SEM spectra 
 
 
ERL# 408.2 SEM image 
  
ERL# 408.2 SEM spectra 
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ERL# 417.1 SEM image 
  
ERL# 417.1 SEM spectra 
 
 
ERL# 417.2 SEM image 
 
ERL# 417.2 SEM spectra 
 
 
ERL# 417.3 SEM image 
  
ERL# 417.3 SEM spectra 
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ERL# 417.4 SEM image 
 
ERL# 417.4 SEM spectra 
 
 
ERL# 417.5 SEM image 
 
ERL# 417.5 SEM spectra 
 
 
ERL# 772.1 SEM image 
 
ERL# 772.1 SEM spectra 
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ERL# 772.2 SEM image 
 
ERL# 772.2SEM spectra 
 
 
 
ERL# 772.3 SEM image 
  
ERL# 772.3 SEM spectra 
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ERL# 772.4 SEM image 
  
ERL# 772.4 SEM spectra 
 
 
ERL# 772.5 SEM image 
 
ERL# 772.5 SEM spectra 
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ERL# 772.6 SEM image 
 
ERL# 772.6 SEM spectra 
 
 
ERL# 735.1 SEM image 
 
ERL# 735.1 SEM spectra 
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ERL# 735.2 SEM image 
  
ERL# 735.2 SEM spectra 
 
 
ERL# 735.3 SEM image 
 
ERL# 735.3 SEM spectra 
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ERL# 735.4 SEM image 
 
ERL# 735.4 SEM spectra 
 
  
136 
Appendix D: Leco analysis Standards 
Standard 
Geochemical 
Identifier 
Material 
Type 
Location Description Link 
NIST 2709a 
San 
Joaquin 
Soil  
San Joaquin Baseline Trace Elements Concentrations 
https://www-
s.nist.gov/srmors/view_detail.c
fm?srm=2709A 
NIST 2711 
Montana 
Soil 
Butte, MT 
Lead Concentrations and other elements: 
Moderately contaminated soil  
https://www-
s.nist.gov/srmors/view_detail.c
fm?srm=2711 
USGS SDO 
Devonian 
Ohio Shale 
Kentucky 
Used to establish analytical accuracy in the analysis 
of organic- and sulfur-rich sedimentary rocks. 
http://crustal.usgs.gov/geoche
mical_reference_standards/pdf
s/ohioshale.pdf 
NRCC MESS 3 
Marine 
Sediment 
Canada Trace Metals and other constituents 
http://www.nrc-
cnrc.gc.ca/eng/solutions/adviso
ry/crm/certificates/mess_4.htm
l 
USGS SCO 1 Cody Shale Wyoming 
Typical of the Upper Cretaceous silty marine shales, 
intermediate between fine-grained offshore shales 
and coarser nearshore marine siltstones. 
http://crustal.usgs.gov/geoche
mical_reference_standards/pdf
s/codyshale.pdf 
NIST 8704 
Buffalo 
River 
Sediment 
Buffalo, NY 
Ctot = 3.351%, Used as a relating reference to 
samples containing carbon. 
https://www-
s.nist.gov/srmors/view_detail.c
fm?srm=8704 
USGS QLO 
Quartz 
Latite 
Oregon 
Derived from a lava flow on the flanks of an 
extrusive dome. The rock is greasy black and 
aphanitic, containing <1% microphenocrysts of 
plagioclase feldspar, pyroxene, and magnetite. 
http://crustal.usgs.gov/geoche
mical_reference_standards/pdf
s/quartz.pdf 
USGS SGR 1b Oil Shale 
Green River 
Formation in 
Wyoming 
Ctot = 28%, Cinorg= 3.2%;  petroleum and 
carbonate-rich shale from the Mahogany zone of the 
Green River Formation 
http://crustal.usgs.gov/geoche
mical_reference_standards/pdf
s/shale.pdf 
 
 
